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1.0 INTRODUCTION

1.1 GENERAL

One of the most interesting and difficult subjects in
structural engineering is the analysis, design and assessment of

protective structures. Such structures are expected to resist

the effects of severe short duration dynamic loads induced by the

detonation of modern weapons systems. The central issue in this
area is related to the behavioral characteristics of, primarily,
reinforced concrete structures, and extensive research has been

conducted since the end of WWII for gaining a better
understanding of the relationships between the induced loads and

the corresponding behavior. Of special interest is the loading

domain produced by conventional weapons which induce localized

impulsive forces characterized by sharp time gradients. This is
the loading domain considered in the present study.

I

Previous studies have provided a vast reservoir of
information on the general behavior of reinforced concrete
structures subjected to conventional weapons effects. However,
the design of such facilities is guided by available manuals,

such as by Crawford et al. 174, or the U.S. Army '86, which
contain specific information on weapons effects but that do not
address adequately the advanced topics of structural behavior and

response. Furthermore, there are structural details, such as
connections, openings, and attachments, that do not receive
adequate attention in the literature, and their design aspects

are sometimes not very clear.

Structural joints and connections are usually assumed to be
capable of resisting the forces transferred from the adjoining

members. However, if not designed adequately, they tend to fail

before the adjoining members may develop their full load

capacity. Recent design requirements in the ACI Code (1986) are

1



concerned with the application of static loads, and therefore may

not be adequate for the severe dynamic environments considered in

this study. Openings in reinforced concrete structures are

required for allowing the flow of resources into and out of the

facility. There are no adequate design procedures that ensure

the proper operation of openings following an expected load

application. Recent tests on hardened facilities (conducted by

the Weapons Laboratory (WL) and by the Air Force Engineering and

Services Center) have demonstrated that closures may fail under

normal attack conditions, and the entire hardened facility could

be lost. Protective structures contain various types of

equipment, some of which are attached to the walls. The intensive

dynamic responses of the structure induce severe stress

conditions to such attachments, and the integrity of the

corresponding equipment is of serious concern. Here, too, no

specific design requirements have been provided in typical design

manuals, and the engineer is left to choose structural details

which may not perform as expected.

This study has been aimed at the development of design

specifications for connections, openings and attachments in

reinforced concrete protective structures. The study was

conducted by performing "numerical experiments" on construction

details to evaluate their expected performance. An evolution of

design approaches subjected to the same loading condition led to

the establishment of design requirements which should provide the

missing guidelines to the hardened facility designers.

1.2 O&JECTMVES OE TH STUDY

This study is concerned with the development of design

specifications for connections, openings, and attachments in

reinforced concrete structures. The goals set at the initiation

of this research were to investigate the behavior of typical

structural details, for the above mentioned items, and to

2



formulate their behavior in a manner that would lend itself for

implementation into design requirements. The final report on
this study shall contain a complete description of the research,
and the design recommendations derived from it.

1. 3 SCOPR OP THE STUDY

This study will address the behavior of connections,
openings, and attachments in reinforced concrete protective
structures that are expected to operate under the effects of

modern conventional weapons. Although the effects of nuclear

weapons will not be considered, the same structural details
should introduce significant improvements for that loading
domain, also. The study has been conducted by simulating
numerically the response of a wide spectrum of structural details

under a *standard" conventional weapon's threat. The choice of
the loading environment is discussed later in this report, and so
are the details of the structural systems that were investigated.

This report contains an extensive discussion of the known
behavior, and a complete evaluation of the derived results. The

conclusions and recommendations include the recommended design

requirements for the structural systems under consideration.

3



2. 0 BACKGROUND

2.1 INTRODU9TION

The purpose of this study is to select structural details of
connections, openings, and attachments subjected to blast loads

that satisfy acceptable behavior criteria without disrupting the

constructability of the structural system. Previous studies on
these topics were aimed primarily at static and seismic

applications, and here our intent is to evaluate that knowledge
and the behavior of these structural details subjected to

impulsive blast loadings.

There are significant difficulties in the derivation of
accurate and well-understood loading functions which can

represent the effects associated with explosions. It is very
difficult to measure these effects in a zone close to the source

due to the severity of the environment created by a blast.
However, recent studies have made great progress in determining
accurate load-time histories from which researchers can obtain

good estimates as described by Krauthammer '86. Data from

research conducted by Coltharp et al. '85 are used extensively in
this report for deriving loading functions from conventional
blasts to the structural details under investigation.

2 .2 MATERIAL MODELS

The material under investigation is reinforced concrete.

Reinforced concrete consists of two primary elements, a concrete

medium inlaid with steel reinforcement. The uniaxial compressive
strength (f'c) and density of concrete used in our study are

measured in pounds per square inch (lb/in2) and pounds per cubic
foot (lb/ft 3), respectively. The grade of steel used is based on

the yield strength (fy) of the steel, also measured in pounds per
square inch.
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A third type of material used as a substitution for concrete
is SIFCON. SIFCON differs from concrete in that steel fibers are

used in place of the aggregate normally found in concrete.

Depending on the type and amount of fibers used, the tensile and

compressive strength of SIFCON is approximately 2 to 4 times
that of standard concrete respectively, with a modulus of
elasticity (E.) softer than concrete by a factor of 4. A more
in-depth treatment of these models is discussed in Section 3.3.

2.3 CONNECTION DETAILING

The joint size is often limited to the size of the elements
framing into it. This restriction along with poor reinforcement

.detailing may create a connection without sufficient capacity to

develop the required strength of adjoining elements. Nilsson '73

has shown that slight changes in a connection detail may have

profound effects on the strength and behavior of the joint.

2.3.1 KDIL Jo iLt&

The knee joint is often the most difficult to design when

continuity between the beam and column is required. Methods for
analyzing the state of stress at the interior of a joint

subjected to external shears and moments have been proposed by

Winkler (beams with large curvature) and Paduart's equations
proposed in 1940 as discussed in Nilsson 073. These
approximations are acceptable in the elastic domain; however,

they become increasingly less accurate under nonlinear behavior.

Present design philosophy combines the principles of statics with
a beam model (similar to that proposed in the American Concrete

Institute Code (ACI 318-83)) acting on each face of the joint

(Fig. I from Nilsson '73). This analysis proves to be fairly

accurate in determining regions of tensile stress and crack

formation when compared to the results of actual tests on joints
subjected to negative and positive (closing and opening) moments.

5



Under a closing moment, large compression strains in excess

of 0.003 can be sustained at the inner corner due to a biaxial

state of stress (Park and Paulay '75). This enables the outer

bars to reach their full strength before failure occurs.

However, there are two conditions which should be addressed when

determining the size of these bars and their anchorage in the

joint: premature bond loss and failure due to diagonal tension

cracks.

Typically the exterior reinforcement is bent at a right

angle parallel to the joint and continued through to the opposite

element, or is terminated in a standard hook. High bearing

stresses at this point will often initiate splitting of the

concrete (Fig. 2). Propagation of this splitting crack is

directly dependent on the amount of confining pressure on the
concrete and the amount of cover above the bar. To minimize the

propagation geometric confinement from continuous members such as

walls or slabs should be provided. In absence of concrete

confinement, stirrups should be placed around the hooks to ensure

bond through aggregate interlock and the shear friction mechanism

(Park and Paulay '75). The affects of confinement on hooked
anchorage have been verified in tests by Hawkins et al. '87, and

Soroushian et al. '88. Soroushian also points out the advantage

of using smaller diameter bars when developing tension in a hook.

The advantages of increased cover for deterring crack propagation

near reinforcement bars has been highlighted by the new ACI 318-
89 code. Development lengths for reinforcement are now based

directly on the amount of cover around the bar.

The ACI-ASCE Joint Committee 352 ('85) also recommends the

use of transverse ties for confinement and force transfer within

Type Two joints. Type Two joints are defined by Committee 352 as

joints that must dissipate energy through inelastic deformations

induced by earthquake motions, high winds, or blast effects. The

stress multiplier a (a constant used as an over-strength factor)

6
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Figure 1. Acting forces and the calculated stresses on
the cross section of a knee joint. (Nilsson '73)
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Figure 2. Development and location of splitting cracks.
(Nilsson '73)
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should be set at 1.25 for Type Two joints. The total cross-

sectional area in each direction of transverse steel A., should

be at least equal to

Ash= 0.3 sh h" (f'/f•) (A,/Ae - 1) (1)

but not less than

A=h - 0.09 Nh h" (f' 0 /fv) (2)

where

N- the maximum distance between ties
h" the height of the joint
fir= the concrete compressive strength

f- the yield strength of the ties

A - the gross area of the joint region
A0 - the confined area of the joint region

The maximum distance between ties s. should not exceed the least

of one-quarter the minimum column dimension, 6 times the diameter
of the longitudinal bars to be restrained, or 6 in.

Another factor to consider in choosing the size of the outer
bars is the development of a diagonal tension stress crack
originating at the exterior corner and propagating towards the

inner corner (from D to B on Figure 1). Kemp and Mukherjee '68,
set the limit of this reinforcing on the tensile splitting

strength of concrete by setting the steel percentage Af./bd

equal to 1.2*6*(f'c) 1 . In their tests, and in tests by Mayfield

et al. '71, the full moment capacity was achieved when
reinforcement was held to this limit (0.75%). Conversely, tests
by Swann '69, on joints with steel ratios equal to 3%, indicated

failure at less than 80% of the design strength as discussed also
by Park and Paulay '75. If this maximum ratio of steel is

exceeded, stirrups should be placed perpendicular to the crack

plane to help muin'.mize joint degradation and volumetric increase.
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A comprehensive study on the behavior of joints subject to
opening moments was completed by Nilsson '73. The objectives of

that study were to develop joint details that will provide at

least 100% of the moment capacity of the adjoining elements.

Results and comparisons on the performance of a portion of the

details tested are shown in Table 1 (Nilsson '73). The most
common mode of failure in conventionally reinforced joints is due
to a combination of cracks. The first cracking appears at the

interior corner and propagates towards the center where it
branches off in the form of a diagonal tension crack (Fig. 3).

This mode is similar to the diagonal shear cracks found in beam

behavior. The second mode of cracking or splitting due to

internal tension occurs at the interior of the joint (Fig. 4).

The value of the internal tensile force is 1.41 times the tension
in the main flexural bars (Park and Paulay '75). Also, splitting

cracks along the compression reinforcement may cause separation

of the outer corner.

According to Nilsson '73, the detail which provides the most

strength with the least amount of congestion utilizes a diagonal

bar at the interior corner placed at 45 deg from the main

flexural steel (Fig. 5). This bar will prevent the migration of

the initial flexural crack at the corner. The flexural steel

should be bent into a hairpin with the return leg extending from

the tensile region into the compression region. This will carry

the radial stresses around the perimeter of the bars to help
prevent corner separation and diagonal tension failure. Tests

completed by Nilsson '73 on connections using this detail (Table

1) show that moment capacities exceed design moments for steel

ratios of up to 0.76%. If a large steel ratio (more than 0.76%)

is used, then the addition of stirrups placed perpendicular to

this bar and around the outer reinforcement is recommended (Fig.

6). These stirrups will cross the diagonal tension crack

described above, and the required area of steel (a,,) for

9
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Figure 3. Crack pattern and forces acting at failure stage.
(Nilsson '73)

Figure 4. Diagonal splitting crack with tensile stress

distribution. (Nilsson '73)
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bean/column connections can be estimated according to Park and

Paulay '75, as follows

a., - K(r - 0.005)/r) (fy/f'j) 1 + (h 1 /h2) 2 ]'1 2 (As,/n) (3)

where
r =k,/bd (flexural reinforcement ratio)
fy the yield strength of the main reinforcement

fyj- the yield strength of the diagonal ties
hi the overall bean height
h= the overall column depth

As, = the area of the main flexural reinforcement

n - number of tie legs crossing the tension crack

Equation 3 is based on a maximum r = 0.5% for connections not

requiring ties. As stated earlier, this recommendation is
applicable to beam/column details and may be overconservative for
wall/slab applications for reasons noted above. Therefore, a

slight modification to Eq. 3 is proposed, based on the maximum

ratio (r. = 0.75%) for wall/slab connections recommended by

Nilsson '73.

a.,- [((w - 0.0075)/r.] (f./fyj)(I + (h1/h 2 )2]1/2 (As,/n) (4)

These stirrups may increase the joint strength by as much as 20%.
In addition, these ties will also provide confinement for the

outer bars in closing moment situations, as stated earlier.

The use of diagonal stirrups in beam/column connections may

be a necessity and can be placed without a great deal of

difficulty. However, their placement in slab/wall connections
would be very laborious and congestive. For example, poor

workmanship and early degeneration are commonplace in European

protective structures built in the last decade, as discussed by
Naeyaert '89. The cause is linked to the use of excessive

11
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Figure 5. Internal force system in the developed corner
reinforcement detail. (Nilsson '73)

Figure 6. Suggested details for large opening knee joint.
(Park and Paulay '75)
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amounts of steel tie reinforcement which inhibits proper concrete
compaction. Naeyaert '89 recommends substituting steel fibers

for the steel bar ties commonly used. Tests by Gefcan and Ramey

'89 were completed on comiections infiltrated with 2% by volume

fiber reinforced concrete (FRC) and subjected to simulated

earthquake loading. Their results show that stirrup spacing (sh)

in FRC may be increased by a factor of 1.7 over that determined
by ACI-ASCE Committee 352 (Eqs. 1 and 2 above) for Type Two
joints. Another solution, as mentioned above, would be to set

the limit of flexural reinforcement in slabs and walls at 0.75%
and increase the overall thickness of the elements when

necessary. This would eliminate the need for ties in the joint
region. Note that the use of shear ties is recommended in the
elements near the joint face. Tests on elements without shear

ties, conducted by Coltharp et al. '85, show a definite diagonal
shear failure located immediately above the joint region.

The addition of a haunch or splay on the inside corner of
the joint is an obvious enhancement. Tests by Balint and Taylor

'72 and Nilsson '73 show that efficiencies of 100% are easily

attainable for steel ratios of 1.0% when a haunch with 45-deg

reinforcement is used. In addition, the space for reinforcement
is increased to help alleviate congestion. Nilsson does not

recommend the use of a haunch because of the negligible increase

in moment capacity of cases UV 3 and 4, which utilize a haunch,

over cases UV 5, 6, and 7 which contain identical reinforcement

but no haunch (Table 1). However, close inspection of the crack
formation after yielding of the reinforcement in the haunch tests

clearly shows the failure hinge at the entrance corner or 0.7
times the haunch length from the joint face as shown in Fig. 7.

This situation is more desirable than a hinge located at the

face for several reasons.

13



TABLE 1. Knee joint test results. (Nilsson '73)

Specimen Haunch Concrete Failure, Calculated M t Inside cornei
number size strength moment ultimate - crack width

H G Oasp mat moULMU 4uc at M m/1.8

cm kgf/cm 2  kgfm kgfm mm

339 27.3 990 3135 32 Failed

iUZ7 277 ZL 1 1840 Z990 61 . 60

U 5289 25.6 Z227 3290 68 0.70

2 335 31.2 2474 3220 77 &. 7

iU 28 272 20.L5 2540 3185 79 . 26

,H-

SU 24 398 25. 9 2804 3240 87 .0.34

I uw UV3 10 318 ZL I 3712 a.08
UV4 5 Z77 Z223 3505 0.06

UV5 335 26.2 36Z9 3180 114 0.11

, UV6 .Z9Z 24.3 3505 3040 115 0.13

UV7 339 184 3773 3070 1Z3 0.13
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2.3.1.1 A greater distance is available for bonding of the
flexural steel in the joint. This distance becomes
critical when the connection is subjected to repeating or
reversing loads.

2.3.1.2 Bond stress profiles on tensile reinforcement is a
function of the distance from the crack face with the
highest value occurring at the crack (Leon '88).
Therefore the bar stress at the interior of the
connection will be less, which reduces the likelihood of

splitting crack formation.
2.3.1.3 Internal tension decreases due to the two reasons noted

above, and the moment arm across the diagonal of
the joint increases (see Fig. 8). This will delay the
failure of the connection due to splitting without adding
crossties. The moment capacity for the detail shown in
Fig. 6 (no haunch) at section a-a

14.. - (1.41*f, + f,) * z, (5)

The moment capacity for the detail shown in Fig. 8
(with haunch) at section aN-a.

Ma.a = (1.41*fy*z1 ) + (fy, * zIb) (6)

while the capacity at section I-I

M.-- (fY + fyi/l.41) * z (7)

where fyi is the yield strength of the diagonal
steel, zi is the moment arm for section a-a, Z,, is the
moment arm for fy1 located in a haunch, and z is the

moment arm for section I-I.
2.3.1.4 In Type Two connections, the critical section for

development of reinforcing is taken at the face of the

confined column core. When haunches are used, this

15
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Figure 7. crack locations at failure on reinforced haunch

corner detail. (Balint and Taylor 072)

/ J

Figure 8. Internal force system in the developed corner
with haunch reinforcement detail.
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critical section may be taken at the intersection of the

diagonal and flexural bars.

2.3.1.5 The formation of splitting cracks near flexural

reinforcement has been shown to be directly dependent

on the amount of concrete cover around the bar (ACI 318-

89). Adding a haunch again will increase this cover at

the critical face of the joint.

2.3.2 Joints

Another connection type to consider is the tee joint. Tee

joints are typically found at two locations on a structure, the

Qxterior faces and the roof. At the exterior, a beam/slab will

frame into a continuous column/wall. At the roof, the

column/wall will frame into a continuous beam/slab. In either

case, the element terminated at the joint should be connected so

that the strength of the joint is equal to or greater than the

strength of the connected element. Also, the joint should

provide enough confinement and support for the continuous element

to prevent its premature failure. Figure 9 depicts a tee joint

subjected to shear and bending with the resultant stress

distribution.

Nilsson '73 also completed a series of tests on tee joints

with several types of reinforcement details subjected to bending

moments. Table 2 lists the test results. Nilsson '73 found

that the flexural reinforcement terminating in a joint should be

developed by a hook turned toward the midheight of the

connection. Bond stress at the bend in the hook is transferred

to a diagonal compression strut in the joint. Turning the tail
of this hook toward the midheight of the joint will direct the

concrete compression strut toward the external compression

component and assure static equilibrium in the connection. The

ACI-ASCE Committee 352 ('85) recommended minimum development

length for bars with diameter (d.) terminating in a standard 90-

17



deg hook, 1.l from the critical section is

lcM = a fy d / 7 5 (fie)1/2 (lb/in 2 ) (8)

Park and Paulay '75 recommend ignoring the lead in length on

hooked bars due to the early development of splitting cracks

along the tensile reinforcement (Fig. 10). Tests completed at

the University of Canterbury on exterior tee joints show a crack

initiating at the interior corner and propagating towards the

hooked end of the bars. Several additional recommendations on

the detailing of these connections are based on the results of

these tests.

2.3.2.1 The ACI 318-83 ('85) code recommendations for shear steel

are inadequate when there is little compression on the

column. Shear cracks tend to form on a diagonal from
the corners of the joint, therefore the 45-deg truss

analogy may not be appropriate for shallow columns.

Transverse ties should be designed to resist the total

shear in the connection with no reliance on concrete.

2.3.2.2 Transverse ties are also a necessity for developing

confinement of the joint core, and transferring bond

forces from the hooked portion of the flexural steel to

the column bars through shear friction and aggregate

interlock.
2.3.2.3 The addition of a stub beam on the back side of the

column is recommended for removing the hooked portion

of the tensile steel from the shear affected core.

This detail greatly increased the stiffness and strength

of the joint by reducing the amount of transverse

expansion and eliminating bond loss.

The connection advocated in this report uses diagonal struts

similar to that outlined in the section on knee joints. This

detail should increase the strength of the joint for the same
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Figure 9. Truss idealization of T-joirnt subJected to
bending noment. (Nilison '73)
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Figure 10. ExTerior colono-bean joint: (a) stress resultants

(b) crack pattern and bond forces.
(Park and Paulay 075)
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TABLE 2. Tee joint test results. (Nilason '73)

way of Specimen Reinforce- Concrete Mut Muc Mut
loading number ment per- strength test calcu- -

centage 0C 041) lated uc
in leg

At kgf/cm2  
____ __

TS L.80 308 21.4 1435 3715 39
T 15 0.65 378 24.6 1000 2475 40

T1t 1.30 370 26.5 1110 4685 24

F T 14 M65 319 2. 7 1425 2450 58

ST 13 L30 386 Z8. 2 3675 4630 79

l T2 1.80 Z38 18.6 4010 3650 110

T IZb 1.30 310 24. 7 3920 4755 82
T 16 0.65 381 26.7 2465 2630 104

ST 25 L 81 280 22.1 2 300 5745 40

TZ6 1.81 340 24.9 4735 5890 80

T '27 1.81 357 26.9 5100 5905 86

lo1 TZI 1.30 343 20. 9 1450 4830 30

T 22 1.30 306 28 6 4530 4820 94

T 31 388 33.4 1660 1490 111

T 32 388 33.4 1610 1510 107
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reasons as shown above for the stub beam. Initial cracking will
move from the face of the joint to the exterior of the haunch.
As stated above, this will reduce the stress on the hooked
portion of the bar and the negative effects of splitting cracks.
Additional joint area will reduce shear stress and transverse
expansion. And the use of diagonal bars will increase the moment
capacity of the joint and spread the transfer of bond stress to
the column bars over a greater distance.

2.3.3 Precast Joints

Connections for precast elements should follow the same
basic principles as outlined above. However, inherent in every

precast connection detail is a discontinuity between elements.
The primary disadvantage encountered at a discontinuity is the
inability of the connection to transfer load through shear and
flexure. The transfer of direct shear is often resisted by a
corbel cast uniformly with the column; and, for blast-loading
cases, this corbel will be required to resist loads in opposite

directions. Design of corbels should follow standard practice as
set fourth by the PCI Design Handbook (1985) based on the shear

friction method for resisting direct shear. This type of shear
is discussed at length in Section 2.4.2.1. Transfer of flexure,
however, is much more difficult, and the subject of moment
resistant precast conections has been the object of many studies.

At the University of Minnesota, several precast connection
details were subjected to cyclic simulated earthquake loads.

The detail which exhibited the best performance, shown in Fig.

11, represents a column connected to a beam through mild beam
reinforcement threaded into couplers located in the column
(Jayashankar, '87). The couplers were mechanically anchored to
the column through steel plates on each face which eliminated
many of the bond loss problems encountered in previous tests.
This detail is described in full in Section 4.

21



Another factor important to the serviceability of a precast

connection subjected to blast loading is the elimination of gaps

which may allow contaminants to enter a structure. This may be

accomplished by posttensioning a connection similar to that

outlined above. Due to the high magnitude and rate of blast

loading, it is not possible to eliminate completely the formation

of tension cracks and gap openings in the joint throughout the

course of loading. However, by limiting the amount of tensile

stress in the posttensioned reinforcement to a value less than

yield, the structure will return to a precompressed state and
assure a positive seal.

2.3.4 Oneninas and Attachments

Openings or holes will be placed in a structure for service
accommodations. The effects of an opening on a structure will
vary depending on its location with respect to the load and
supports. Most of the research on openings to date pertains to
the disruption caused by an opening on a load-carrying member
such as a slab or wall. The path for shear and flexure is

altered around the opening and results in a buildup of stress at
these locations. A study by Muller et al. o84 points out that a
reduction of shear resistance by holes adjacent to a column is

mainly dependent on the width of an opening in the tangential
direction. Since a study on the optimum placement of an opening
in a structural system would pertain more to the actual slab
design than on the details immediate to the opening, this subject
is not discussed here. The location of an opening will be

assumed to occur at the center of the span and the details for

connections designed accordingly. What will be investigated in
this report is the reinforcement detail at the edge of an opening
with a cover (i.e., door or window hatch) subjected to a blast

loading.
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Covers for these openings (not studied here) will transfer

the blast load (Section 3.4) to the edge of the support slab.

The object of this study was to determine adequate edge

reinforcement required for transferring the load from the edge to

the interior of the slab and ultimately to the support via the

connections. To accomplish this, the load transferred from the

opening cover to the slab must be distributed to a large enough

area to keep compressive stresses within a tolerable range and an

adequate amount of reinforcement supplied for shear and tension

requirements. The basis for design follows the behavior

requirements outlined in the next section on structural response.

Attachments on a structure typically consist of inserts or

ties connected to the slab or wall elements. Usually these items
are fastened to the structure by casting them directly into the

concrete, or they are drilled in and secured through expansion

wedges or epoxy grout. For normal gravity loads this procedure

is very reliable. However, when the structure is subjected to

high accelerations typical of blast loads (accelerations of 20 g

were reported by Coltharp et al '85; one g is equivalent to the

acceleration due to gravity), the attachment may fail prematurely

for the following reasons.

2.3.4.1 The load on the attachment increases in proportion to

the amount of acceleration increase.

2.3.4.2 Inserts embedded in concrete are dependent on the

tensile strength of the surrounding cone pullout (PCI

Design Handbook 3rd Edition). Also, the back side of a

wall subjected to blast loads experiences high

magnitudes of tensile stress due to the refraction of

shock waves (which often spalls the concrete cover).

This will severely limit the load-carrying capacity of

the concrete cone.
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Consequently, it is recommended that all attachments be directly
connected to the slab/wall reinforcement. This type of detail
will assure ductility and prevent premature failure.

2 . 4 TRESPSE

Several parameters measured in the joint region are used to
determine adequate connection behavior in relation to structural
response. These parameters consist of direct shear, diagonal
shear, concrete tension and compression, reinforcement tension
and compression, bond slippage, deflections, and rotations.
Often these parameters reach maximum stress values at one
location in a connection which greatly complicates the design
procedure. Member analysis, on the other hand, will deal
primarily with one or two parameters at each given point. The
following subsections discuss each of these parameters, their
effect on joint strength, and how they are influenced by
different connection details.

2.4.1 Flexural behavior

Behavior of reinforced concrete in flexure has been the
subject of numerous investigations and reports. The basics of
flexural design are outlined in the ACI 318-83 code, which
follows the assumptions proposed by Whitney (Whitney stress
block). This procedure assumes that the stress in the concrete
above the neutral axis is uniform over the compression region. A
couple created between this compressive zone and the tensile
stresses in the reinforcement below the neutral axis resists the
external moment. This method is acceptable for design. However,
when accurate behavioral analysis is required, a more general
theory as shown in Park and Paulay '75 is suitable. Through the
use of rational constitutive models of steel and concrete, a
reliable method is shown for determining moment-curvature
relationships. Average compressive stress due to flexure in the
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concrete immediately above the compression reinforcement should
not exceed 0.45 * f'I. This seemingly arbitrary value is taken

from actual working stress design and is approximately equal to
the maximum compressive stress in concrete where elasticity is
the governing model for behavior. Limiting the compressive
stress to this value should ensure the survivability of a
structure when subjected to repeated blast loading situations.

2.4.2 Shear Behavior

Failure in reinforced concrete elements due to shear may be
represented by three major modes: diagonal shear, direct shear,
and punching shear. Diagonal shear failure is characterized by

the formation of diagonal cracks (usually curved) normal to the

principal tensile stresses, and is associated with flexural

response. Direct shear is characterized by a sliding type of
failure along a well-defined plane in which the vertical slip

occurs due to compressive and rotational deformation of small '

concrete struts (Park and Paulay 975, Ross '83, Assadi and
Krauthammer '88). The phenomenon of direct shear usually occurs

at points of force or geometrical discontinuities (for example,
at the edges of loaded regions or supports). Punching shear is
characterized by a concrete cone pushed out of a slab by its
supporting column, and is probably a transition mechanism between

direct and flexural shear. The cracks are usually less curved
than flexural cracks.

From shear time-history plots obtained in the present study
observed at different points in the structure, one can notice
these two principal types of shear. These plots typically will
show a high peak value with a very short time duration similar to

that of the load, and then a reverse trend which leads into a

plateau region (refer to Section 5 for examples). The initial
shear stress resultant represents direct shear, with the

remaining portion showing diagonal or flexural shear.
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2.4.2.1 Direct Shear. The direct shear resultant will travel

along the length of the structure as the load is transferred from

element to element as the shock wave propagates along the

structure (i.e., the point of discontinuity travels with the

shock wave). The value of this direct shear at each point will

decrease rapidly and is negligible at the onset of flexural

response. For this reason it is acceptable to uncouple the

response of direct shear failure with the effects of flexural

behavior.- Data from tests conducted by Kiger '84 and Slawson '84

on shallow buried flat roof structures support this contention.

When direct shear was the resultant mode of failure, the

structure was not allowed sufficient time to develop any

meaningful flexural response as outlined by Krauthammer 086, and

Assadi Lamouki and Krauthammer '88.

Recent studies by Mattock and Hawkins '72; Hawkins '74 and

°81; and Mattock 074, '76, and '77, have shown a diren.t

relationship between nhear stress and shear slip on a vertical

plane. This relationship will also predict the maximum direct

shear stress that can be obtained at a section known as the

Hawkins shear limit (is I Eq. 9) as set forth by Murtha and

Holland '82. This shear limit should not be exceeded and the
detail should be designed accordingly.

is - 8 (fee) 1,2 + 0.8 Fvt f. < 0.35 fee (9)

where rt is the ratio of total reinforcement area to the area of

the plane which it crosses. For design, r. should be multiplied

by a factor of 0.8 to ensure structural integrity under multiple

loading situations.

2.4.2.2 Diagonal Shear. Under flexural response, diagonal shear

failure will be the controlling mode of behavior. After

cracking, shear stresses are resisted by the combined action of

26



concrete struts in compression and tension in the transverse and
longitudinal reinforcements (the truss mechanism analogy).

Present design procedures typically assume the compression struts
to act at a 45-deg angle; however, this prediction is very

conservative when determining the tensile forces in the

transverse reinforcement (Park and Paulay 175). To account for
this overdesign, the ACI 318-83 code adds an empirical correction

factor V. called the 'concrete contribution' to the shear

capacity of the transverse steel.

Flexural shear capacity will be controlled by the capacity
of the structure at a hinge location. Yield of flexural

reinforcement can decrease the shear capacity due to the loss of

in-plane restraint. Shear capacity at this section should be
decreased to 75% of the capacity shown above.

A more rational approach for the design of diagonal shear
has been proposed by researchers at the University of Toronto

(Mitchell and Collins 074, Collins '78; Vecchio and Collins 186;
Mitchell and Collins '87) and is commonly )nown as the
'Compression Field Theory'. This approach resembles the Tension
Field Theory composed by Wagner '29 in the analysis of post-
buckling shear resistance of thin webs. In the analysis of

reinforced concrete, it is assumed that no tension is resisted by
cracked concrete and that shear is carried by a field of diagonal
compression and tension in the vertical ties and longitudinal
bars. The value of this tension is directly proportional to the
angle of inclination in the compression struts. These unknowns
are determined by simultaneously solving the strain compatibility

equations, equilibrium equations, and constitutive relationships.

2.4.2.3 •Joint ae- Another type of shear phenomenon which
must be analyzed is joint shear. Joint shear is a term used to
describe diagonal shear at the interior of the connection.
Traditionally, two types of methods, panel truss and compression
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strut, have been used to quantify this shear and determine its
effects on the joint.

In the elastic domain, a compression strut mechanism occurs
across the diagonal of the joint subjected to opening or closing
moments. The strut is required to resist vertical and horizontal
reactions imposed on the joint at the intersection of the column
and beam flexural steel. At the onset of flexural yield under
cyclical loading, crack sizes at the face of the joint increase
and reinforcement bond begins to break down. Compressive forces
initially transferred at the face of the column are now
transmitted through high intensity bond forces at the interior of
the joint. Consequently, compression struts initiating at the
interior of the joint will extend to the face of the joint before
reaching the bottom flexural steel. Several cracks will have
propagated along the initial compression struts at the interior
of the joint, eliminating any tensile capacity of the concrete.
To prevent total failure of the joint, stirrups placed normal to
the column reinforcement are required to resist the forces
created by the shortened struts.

Experimental studies noted in Park and Paulay ,75, and Leon
* 88, have shown the compression strut method to be the dominant
mechanism if adequate reinforcement development is maintained
over the life of the loading cycles. However, the resultant

compressive and tensile stresses will cause extensive cracking
parallel to the compression strut. Stirrups similar to the shear

ties required for the panel truss mechanism should be placed in
this region to ensure (1) the integrity of the overall section
under reversed loading, and (2) sufficient bond of flexural
reinforcement through confinement.

The standard procedure for calculating joint shear according
to ACI-ASCE Committee 352 is shown in Fig. 12. Note that the
value of a used should correlate with that used for Type Two
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joints (1.25 when the strength of materials is known). This
value must be less than the nominal joint shear strength OV,
where 0 M 0.85 and V, is determined by Equation 10.

VA = f (f'c)1 / 2 bi h (10)

where r is equal to 20, 15, and 12 for interior, exterior, and
corner Type Two bean/column joints. The thickness of the column
in the direction of the load is h, and the effective joint width
is b, determined from Eq. 11, where bb is the average width of
beaus framing into the joint and b. is the width of the column.

bi = (bb + bc)/2 (11)

This equation is based on the fact that transverse ties have been
placed in the joint in conformance with the discussion on
confinement noted earlier.

For wall/slab connections, the shear capacity of concrete is
increased due to the confinement obtained through geometric
continuity. The value of diagonal shear allowed in the ACI 318-
83 code for plain concrete is

*Vn- 0.85 (4) (ft.)1 12  (12)

If this value is exceeded, stirrups for shear should be added to
the joint in accordance with the analysis for bean/columns. As
stated earlier the addition of stirrups in wall/slab connections
will create congestion problems; therefore, an increase in the
overall connection dimension may be warranted. The addition of
stirrups in the slab portion near the face of the connection is
highly recommended.
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Figure ii. Connection details for a precast joint.
(Jayashankar '87)
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Figure 12. Evaluation of horizontal joint shear.
(ACI-ASCE Committee 352 '85)
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2.4.3 Reinforcement Bond

For interior joints, the ACI-ASCE Committee 352 recommends

20 bar diameters for the development of flexural bars in Type Two

interior joints. Presently there is much discussion on the

acceptable values of joint shear shown above and its interaction

with the requirements for anchorage of reinforcement in the joint

region. Recent studies have shown that the effects of shear
stress on a joint depends on the length of development available

for bonding the flexural reinforcement (Leon '88). If adequate
bond of the reinforcement is provil-d well into the postyield

range, the level of shear stress in the joint will have little

effect on the strength or behavior of the joint. For interior
joints, the recommended length for adequate bond development is

28 bar diameters with 24 specified as a minimum. Shear stress
levels near 15(f'0 ) 1 2 under cyclic loading will not produce

substantial damage to the joint if these lengths are provided.

These results can be interpolated to exterior joints with the use

of hooked bars. As stated in the section on connection details,
it is recommended that hooked bars be turned toward the midheight

of the connection. According to Nilsson '73, the hook in a knee
joint should consist of a 180-deg bend with the return leg

embedded in the opposing force region.

Reinforcement bond slippage and loss are also dependent on

the amount of development available. Initial slip is due to the

loss of adhesive bond. This will not affect the strength of the

bar; however, stiffness will decrease and crack propagation will

begin. Slippage will occur earlier in bars with relatively short
development lengths. Bars with 24d, and less development
experienced significant bond deterioration under cyclic loading

in the elastic domain, with most of the damage occurring in the

initial cycle of loading (Leon '88). Bars with 28$d development
were able to withstand the loading with no appreciable loss in

bond. As mentioned earlier, bond loss and failure may also
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initiate from the uncontrolled propagation of splitting cracks

around the bar. To avoid this type of failure, the ACI 318-89

code requires a minimum cover of 2 db for a development length

cover factor of one.

To assure bond integrity at the interior of the joint, a
limit should be set on the maximum amount of bar stress at that

point. For this study a maximum of 1/3 fy will be used as a

criterion for acceptable bond behavior in critical regions. For

less critical areas of the structure or possible hinge locations,

a value of 2/3 fy will be acceptable. Maintaining these values
for bar stresses will give ample confidence that the connection

will not fail due to bond loss.

2.4.4 Ductility and Deflections

Structural ductility is measured by comparing the amount of
allowable plastic strain a member can sustain before failure, to

the maximum amount of strain experienced under elastic
conditions. This value is quantified by a "ductility factor" (p)
equal to the ratio of ultimate strain to elastic strain. For
connections in protective structures, a ductility of ) - 1 (i.e.,

elastic connection) is advisable, and to allow for energy

dissipation in the adjoining members. ACI-ASCE Committee 352
also recommends this method for providing ductility in a
structure subjected to seismic loads. The ductility of the
adjoining members should be determined based on the maximum
allowable deflections for serviceability and operational
requirements of the facility.

There are no special limits set for the maximum allowable
deflection of a structure subjected to blast loading in the ACI
318-83 code. For design purposes, the maximum deflection (d.,)
will be based on the assumption that attached nonstructural
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elements will not be damaged. The governing equation for this

case as set by the ACI 318-83 code is

d= L / 240 (13)

where L is the total length of the span in inches. This rational

limit will be used as a reference point for comparison purposes
between the details tested and is not intended to be a design

parameter.

2.5 DYNAMIC RTE EFFECTS

Rate effects of dynamic loading have been shown to alter the
behavior of a structure significantly. Materials generally show

increased stiffness and strength with an increase in strain rate
(Newmark and Rosenblueth '71). When modelling linear material, a
dynamic enhancement factor (DEF) relating stress to strain rate
may be applied to the equations of equilibrium. However, the

modelling of nonlinear materials such as reinforced concrete is

much more complicated (Assadi-Lamouki and Krauthaumer '88). They

suggest using a DEF which is a function of loading rate based on
the discussion by Ross '83 . This approach may be practical for

simple member analysis, but it does not approximate the
complicated phenomena experienced by concrete under high rates of

loading (Stevens and Krauthammer '88). Due to the limited amount

of data available on this subject, Stevens and Krauthammer '88

have not included rate effects in their constitutive concrete
model (discussed in Section 3) which is used extensively in the

analysis portion of this report.

2.6 THE FINITE ELEMENT ?4E=HOD

The geometric discontinuities and material nonlinearity
(which limit closed form solutions in connection regions),
coupled with the high strain rates associated with blast loading,
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severely limit classical mathematic analysis of behavior in the
joint. Therefore, the use of numerical procedures in
approximating stresses and strains for these applications is
widely accepted. By far the most common tool used today for the
numerical analysis of structural mechanics problems is the Finite
Element approach (Bathe '82 and Cook '81). In its simplest form,
a structure is partitioned into a finite number of discrete
elements, which are defined by their relative geometric
orientation, and behavioral stiffness in variational or weighted
residual form. The governing equations of equilibrium are
discretized spatially over the structure, and the solution is
expressed in the particular field of interest (displacements,
strains, and stresses). The procedures used above are easily
performed on a digital computer, which is largely responsible for
the popularity of the method.

2.7 SUMMAR

As stated earlier, there are many complicated parameters
which must be analyzed in a connection or opening detail to
determine its strength and serviceability. An attempt has been
made to introduce these parameters to the reader and give
reasonable guidelines for their use in designing details for
protective structures. Conclusions from each area of interest
are assembled into two different groups: guidelines for design,
and criteria for strength and serviceability. The guidelines
were assembled from Section 2.2 and will be used for picking an
acceptable detail to test. The results of the test will then be
compared with the criteria discussed in Section 2.3 and a
determination made on the performance of the particular detail.
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2.7.1 Desi=n Guidelines

2.7.1.1 Reinforcement ratios /bd should be limited to a
range of 0.5% to 0.75% for slab/wall connections. This
ratio may be increased for beam/column applications;

however, crossties in the joi: region should be designed
accordingly.

2.7.1.2 Stirrups for diagonal shear are required in all

beam/column joints in accordance with;
"• ACI 318-83 Type Two connections for shear and

confinement (Eqs. 1 and 2), and
"• Park and Paulay '75, requirements for diagonal

splitting (Eqs. 3 and 4).

2.7.1.3 Reinforcement terminating in a knee joint should be
developed in a 180-deg bend with the return leg
embedded in the opposing force region.

2.7.1.4 Reinforcement terminating in a tee joint should be

developed in a 90-deg hook with the legs extending
through the midheight of the connection• (Eq. 8).

2.7.1.5 Minimum clear cover for reinforcement should exceed 2d.

and the minimum bar spacing should exceed 3 db for

limiting the effects of splitting cracks as set forth in

the ACI 318-89 code.

2.7.1.6 Diagonal haunches or splays should be added to all

inside corners.

2.7.1.7 Diagonal reinforcement equal to half the area of the main

flexural steel is required at all inside corners.

2.7.1.8 A hinge should not occur in the joint region.

35



2.7.1.9 Precast connections should be posttensioned to eliminate

the formation of gaps which could allow the contamination

of the facility.

2.7.2 Strength and Serviceabilitv Criteria

2.7.2.1 The "ductility factor' (p) should not exceed 1, and
deflections should not exceed approximately L/240 at
midspan. The value for deflections may be altered by the

designer depending on the structures requirements.

2.7.2.2 Average compressive stress due to flexure in the concrete
imediately above the compression reinforcement should

not exceed 0.45 * f t ©.

2.7.2.3 Tensile and compressive stress in the reinforcement

located in the elements should not exceed 2/3 fy.

2.7.2.4 Tensile and compressive stress in the reinforcement
located in the joint region should not exceed 1/3 f."

2.7.2.5 Direct shear at any point in the structure should not
exceed the Hawkins shear limit re * 0.8 (Eq. 9).

2.7.2.6 Diagonal shear in slab/walls should not exceed

(0.85(4) (f9C) a]/a. For values of shear higher than

this, stirrups must be added in accordance with ACI 318-
83 Type Two connections.

36



3 .0 RESEARCH APPROACH

3.1 * METHIRODOLOG Y

The approach adopted for this study incorporates the finite

element method for simulating and studying the structural
response for connections, openings, and attachments. The
simulation will use structural details (selected from previous
research) which provide the desired behavioral characteristics
under static and seismic loads and subject them to a conventional
blast load. From the results of the numerical tests, candidates
for these details will be chosen based on their behavioral

performance. The detailing concepts of each structural candidate
can then be subjected to physical testing under actual impulsive
loads.

3.2 FINITE ELEMENT APPROACH

The accuracy and reliabili- y of addressing structural
problems with a finite element m,.thod depends on four factors:

"* A code that has the capacity to treat the numerical
simulations with a high degree of precision,

"* The correctness of the overall geometry of the model
with boundary conditions and loading functions,
Compatibility of individual element mesh size and type

with the problem configuration,
Reliable constitutive models that represent the

physical properties of the materials used in the
structure.

3.2.1 Code Reliability

The first factor can be achieved by using a code with proven
reliability in the area of analysis similar to the problem in
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question. The finite element code used in the present study is

SAMSON2 (Schreyer, et al. '84). SAMSON2 has been written
explicitly for studying structures subjected to high rates of

loading. Various resea.- ihers have used SAMSON2 successfully for

these types of analyses. Two of the three factors are discussed

in the following subsections, and the last factor will be treated

in a separate sectlun due to the amount of material covered.

3.2.2 g

The geometrical approach used to model beam/column
connection behavior is similar to that used by Nilsson '73. The

column is rigidly attached at its base (mid-height between

stories), and the beam is cantilevered approximately one-third of

a typical span length. This method was-chosen in order to

predict a worst-case scenario (i.e., beam/slab discontinuity due

to openings or localized failure) (Fig. 13). A concentrated

blast load (as discussed in Section 3.4) was then applied to the

end of the cantilever. Although the details represent

beam/column configurations, the actual simulation could also

model wall/slab structures by analyzing a slice through the

structure and assuming that each such section is subjected to
worst-case loadings. This approach does not consider three-

dimensional load distributions in the slab for two reasons. The

blast load under consideration is somewhat uniform over the width

of the structure and the susceptibility to repeated loading is

likely. Typically a continuous slab/wall structure modelled in

two dimensions would utilize plane strain analysis; however, due
to the observations noted above, plane stress analyses have been

performed.

3.2.3 Element Cogiatibility

The concrete was modeled with a mesh composed of quadratic

8-node parabolic and 6-node triangular elements. The cost of
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using parabolic elements is greater than that of 4-node

rectangular elements. However, this cost is offset by the fact
that parabolic elements are capable of modeling exactly a

constant bending moment (Bathe '82). The additional reliability
of the elements will allow the use of a coarser mesh while

yielding accurate predictions.

A (3 * 3) order of integration is required for evaluating
exactly the stiffness matrix of a parabolic element (Bathe '82).
However, this integration order would overestimate the system

stiffness due to a finite element displacement formulation based
on a lower bound of the exact strain energy of the system. For

this reason, a (2 * 2) order of integration will be implemented
to reduce the system stiffness and improve the stress and strain
predictions. The drawback of using a reduced integration scheme

is the creation of one or more spurious zero energy modes, which

may give unstable solutions. This problem can be averted if the
directionality of the elements is controlled with the expected
deformations (Bathe '82).

The element mesh size was refined until a change in stress
of 5% or less was observed between adjacent elements. This

procedure was completed by recording the principal stresses at an

integration point near the area of interest. These stresses are
then compared to the stresses recorded at the neighboring

integration point of an adjacent element. The deviation of 5%

was chosen as a reasonable upper bound based on a loading

function known to be inaccurate to 5%. The data provided by
Coltharp et al. '85 exhibited significant scatter of peak

pressures, and in general the loads corresponding to High
Explosive (HE) detonations cannot be predicted accurately. This

mesh was then compared to a further refined mesh with a stress

deviation of less than 5% recorded at identical points. This

final check assures that the solution is converging with mesh

refinement and therefore the solution is not mesh dependent.
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See Figures 14 and 15 for an example of the final coarse mesh
model used in the report, with the fine mesh used in the
comparison of stress deviation.

Steel reinforcement was modeled using bar elements connected

to the midline nodes of the concrete elements. By using discrete

reinforcement, stresses in the bars can be measured directly.
From these data determinations can be made on the efficiency of
the detail under investigation. For example, bars that are highly

overstressed may be increased in size or relocated for better
performance. Provisions for bond slip and bond failure are not
implemented directly in the connection of the bar elements with

the concrete. However, when a bar element is stressed to near

yield conditions, the concrete elements directly connected to the
bar will probably be highly damaged and offer little resistance

to deformation. The high strains exhibited should correspond
well to slippage experienced during actual bond loss. For this
reason, the resulting bar behavior simulated very well the

physical properties of reinforcement bond with accurate stress
and strain contours (see background on reinforcement bond

discussed earlier in Section 2.4.3).

3.3 CONSTITUTIVE MODELS

The use of reliable material models is the most predominant

factor in obtaining accurate solutions from a finite element

analysis. The two major materials under investigation in this
report are concrete and steel, the latter being a fairly easy

material to model due to its accurate representation by the

theories of elasticity and plasticity in the static domain and
viscoplasticity for dynamic response. Concrete, however is a

much more difficult material to model due to its highly complex

behavior under postelastic loading.
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3.3.1 Concrete Modeling

The subject of modeling concrete has been the topic of

numerous research reports, with many different types of

constitutive models proposed over the last 20 years. For this
study, the finite element code SAMSON2 (Schreyer, et al. '84)

has been modified with a constitutive nonlocal damage plasticity
model by Stevens and Krauthaumer '88 developed at the University

of Minnesota. The following discussion on concrete behavior and
constitutive modeling is based primarily on the above report, on

Schreyer and Bean '87, and on Park and Paulay '75.

Microcracking is common to all types of concrete, caused
primarily by strain incompatibilities produced in the hydration
process of the cement paste (Hsu et al. '63). Up to about 30% of
ft . in compression these cracks do not appear to grow and the
resulting stress-strain response is nearly linear elastic as
shown in Figure 16. Between 30 to 50% of f I, these cracks will
increase to a stable final length if the load remains constant.
This portion of the stress-strain curve becomes increasingly
nonlinear with a decreasing positive slope. At about 75% of
f'c, these microcracks will again begin to grow along with cracks
between the aggregate and mortar. Locations where both of these

cracks are present are defined as "zones of damage," and the
cracks are usually accompanied with the increase of volumetric
strain (Schreyer and Bean '87). After the peak stress fl, is
reached, a descending curve known as the strain-softening portion
develops. Unloading of the concrete in this region is
accompanied with permanent deformation, and the slope of this
curve decreases as the point of unloading moves to the right.
Furthermore, softening in concrete is a result of damage

accumulation (Read and Hegemier '84) and should be accounted for

in the analysis.
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Figure 17. Uniaxial stress-strain curves for concrete
specimens of different height. (Chen '82)
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Plots of stress-strain curves shown in Figure 17 indicate
that strain softening is a function of specimen size and
therefore not a true continuum material property. The phenomenon
of strain softening is primarily due to an increase of
inhomogeneity in the material caused by extensive cracking in the

mortar. In this phase the internal frictional resistance at the

crack interfaces is the main load resisting mechanism (Read and
Hegemier '84). This friction is also responsible for the
accumulation of permanent deformation during unloading (Fig. 18).

Concrete in tension will exhibit behavior similar to that of
compression, but to a much smaller ultimate capacity; usually the

splitting tensile strength of concrete (fIt) is approximately
equal to 10% of the compressive strength (f1c) (Fig. 19). Under
careful displacement controlled tensile loading, concrete will
show a surprising amount of ductility with a strain softening
region. For analysis, a linear elastic curve is commonly used up
to the point of rupture, with a modulus similar to that of
concrete in the early stages of compression.

Formulation of Stevens and Krauthamer's ('88) constitutive
nonlocal damage plasticity model is shown Appendix A and is taken
directly from their report. In the compression domain, the model
utilizes a combination of plasticity and continuum damage
mechanics theories with a nonlocal definition of a scalar damage
variable to model strain softening. Figure 20 illustrates the
transformation of topical material (At) to damaged material (AO),
and the respective internal acting force vectors (Ft) and (Fr).

The use of a nonlocal damage approach allows the successful
inclusion of strain softening effects without the shortcomings
(mesh dependency, unrealistic energy dissipation, etc.) that
occur in a typical unstabilized strain softening calculation.
Stevens and Krauthammer '88 combined this model with a Timoshenko
beam element which requires the use of a nonlocal definition.
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The cross section of their beam is modeled with one element. If
the strain softening is not averaged to the adjacent integration
points, failure will commence immediately upon initiation of the
damage - a situation which is highly unstable and unrealistic.
The mesh used in the present report eliminates the effects of
local instability through two different methods. (1) The
continuum elements are divided into small regions through each
cross section, which enables the structure to retain load-
carrying capacity after a particular element has been completely
damaged. (2) Steel bar elements located in a damaged zone will
continue to carry load in a manner similar to that of reinforced
concrete.

The plasticity portion of the model uses a modified Drucker-
Prager failure surface which incorporates a curved cap closure of
the surface as it opens out along the compressive hydrostatic
axis (Fig. 21). This model, developed by Schreyer and Bean '87,
has been called a Prager-Drucker model to distinguish it from the
previous one. The general flow rule for this model is
associative; however, under low compressive or tensile
hydrostatic applications, a nonassociated flow rule will provide
more reasonable results as shown in Appendix A.

This model is assumed to be isotropic with respect to
damage. However, since concrete reaches the strain-softening
region in tension at about 10% of that in compression, an
artificial restraint has been applied in order to assure an
accurate amount of energy dissipation. The normal tensile
stresses are reduced by a factor of 10. Since the overall

behavior of a concrete structure is not significantly affected by
the tensile strength of concrete, this modification is not viewel
as a severe limitation.
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Figure 20. Topical and undamaged material area representation.
(Stevens and Krauthaamer '88)
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Figure 21. Prager-Drucker yield surface.
(Stevens and Krauthamer '88)
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3.3.2 SIFCON Modeling

SIFCON (Slurry Infiltrated Fiber Concrete) is a relatively

new construction material and consequently there is very little
known about its mechanical properties. A comprehensive study

completed by Hourich and Naaman '88 deals directly with these

properties and will be used extensively in this discussion.

SIFCON composites are similar to standard concrete in that the

mortar portion of the matrix is developed from the hydration of

cement and water. The main difference between the two is related

to the material bonded together by the mortar. Instead of rock
aggregate, SIFCON uses a large volume (from 8% to 20%) of small
steel fibers. To produce a SIFCON element, these fibers are

placed into a mold filling it to capacity. The remaining fiber
network is infiltrated with a cement-based slurry or fine mortar.

The resulting stress-transferring behavior involves frictional
and mechanical interlock between fibers along with the usual bond

of the matrix.

Three types of fibers (crimped, hooked, and deformed) were

tested by Homrich and Naaman '88. Of these fibers, deformed

wires (length - 30 nm, and width = 0.5 mm) performed the best in
both the compressive and tensile regions. Another factor in the

behavior of SIFCON is the orientation of the fibers with the

direction of loading. Stress-strain curves for wires placed

normal, perpendicular, and random to this direction are available
for comparisor. For analysis purposes, the mechanical properties

of SIFCON (using 12% by volume deformed wires averaged in

proportion to directionality) will be used in the present study.

Based on data by Hourich and Naaman '88 (Fig. 22), the peak
compressive stress f C is set at 12,000 lb/in2 ; the peak tensile

stress fIt is set at 1800 lb/in2 ; and the modulus of elasticity

EC is set at 1,200,000 lb/in2 .
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The ascending branch of a stress-strain curve for SIFCON in
compression and tension (Fig. 22) is very similar to that of

standard concrete, with the differences locited in the peak
values and slopes. For this reason, the coastitutive model shown

above (concrete coupled with the adjusted values for flet fIt,
and E. of SIFCON) should give reliable results. However, the

descending portion of the curve shows a behavior slightly

different than that for concrete in the strain-softening region.
SIPCON will tend to show a slowly decaying shape in the postpeak

stress-strain region, indicating a higher degree of ductility

than concrete. Absi and Naaman '86 have proposed an equation to

model this behavior; however, the incorporation of such a model
into a finite element code is beyond the scope of this report,

and was not performed here. The method is not compatible with
the strain softening damage model, but the damage model will give
results that are a reasonable lower bound on the behavioral

stiffness of a SIFCON structure subjected to blast loading.

3.3.3 Stieel Reinforcement Modeling

The behavior of steel used as reinforcement for concrete is
well documented and easily modeled. Typical stress-strain curves
developed from uniaxial tensile tests show clearly the response
of steel in the elastic and plastic ranges (the lower curve Fig.

23). The initial ascending portion of the curve will follow a

linear pattern until the strain reaches approximately 0.002,
defined as the upper yield point. After this point the curve
will drop slightly to the true characteristic yield point.

Beyond yielding, the curve will become linear again with a much

smaller slope than the initial. This is referred to as the

plastic range. Unloading from this rarge will follow a

descending curve parallel with the initial elastic curve. For
higher grades (grade is based on the stress at yield) of steel,
hardening will commence immediately after yield. The yield

stress for steels in this range will typically correspond with a
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strain of 0.005 (Park and Paulay 175) (the upper curve in Fig.
23). Strain rate effects on the material properties of steel are
minimal for gr.des over 50 k/in2 ; therefore, they have not been
included in the constitutive model.

3.3.4 Conclusions

The proposed model shown in Appendix A accurately predicts
the significant material responses of plain concrete for stress
paths that remain in the compressive hydrostatic regions. most
importantly, it provides a unified, consistent approach to
concrete modelling in both the tensile and compressive
hydrostatic regions. The number of material constants required
is large and could possibly be simplified. Constants for a
modified "Prager-Drucker* cap model are listed in Table 3. If
extensive multiaxial test data are available, the material
constants may be found with a trial and error approach or a
parameter estimation technique; if laboratory test data are not
available, then adequate material values for typical low-,
medium-, and high-strength concretes may be taken from Tables 4,
5, and 6, respectively.

3.4 DYNAMIC RATE EFFECTS

As outlined in Section 2, rate effects of dynamic loading
have been shown to alter the behavior of a structure . Various
factors have been proposed for modifying material models
subjected to high rate loadings. This approach may be practical
for simple member analysis, but in no way does it approximate the
complicated phenomena experienced by concrete under high rates of
loading (Stevens & Krauthammer '88). Due to the limited amount
of data available on this subject, Stevens and Krauthammer '88
have not included rate effects in the concrete model. This may
appear to be a large assumption; however, based on the results
shown in Section 3.6, it appears to be an adequate one.
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TABLE 3. Modified Prager-Drucker cap model constants.
(Stevens and Krauthaumer '88)

ftragor-Druaker Cap Modal

- 7000. ,b1IW Z -. 640.. kl . Y .- 0.20 at - 0.0030

a . 0.60 # - 1.25 n -0.50 h, - 0.60

.- -250. Th'jnl a -0.65 Sa - 25.f o ,1o - 0.35

C3- 0.40 , 1.0 -1.0 - 0.70

PO " 7000. tb/I 2  P,,o 7000.-b/n 2

TABLE 4. Low-strength concrete parameters.
(Stevens and Krauthammer '88)

PragerDcuck.•r Cap Model

f - 3000. ib/ind F - 4350. J/in' v, - 0.25 n - 0.50

de -0.0032 at - 0.60 0 - 1.25 ho -0.50

P, - .1.45. lb/in a - 0.75 S. - 25.fc q - 0.50

c1 -0.50 2 - 1.0 C3 - 1.0 cc .- 0.70

PO " 11600. lb/In Po - 4741.l-/bI

Continu.ua Dauage Mechanics Kodel

d, - 0.875 _r - 0.0038 B - 1.30 At, - 600.

S- 0.001 lb/ in'1 C - 8.0 D - 10.0 Ah - 50.

Nonassociated Flow Rule

i -0. 10 0 - 0.001 a - 0.003 1 - 2.0
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TABLE 5. Medium-strength concrete parameters.
(Stevens and Krauthamjer '88)

Prager-Drucker Cap Model

f, - 7000. ib/t E - 4240.k/1n a - 0.19 n - 0.27

dr - 0.0027 a -0.50 P - 1.50 b0  - 0.50

P, - -200. Un/to a -0.75 So ;25. f. q - 0.30

CL - 0.60 c2 - 0.50 - 5.0 Ceep - 0.98

PC - 4000. lb/in' 1P.. 3000.lb/inz

Continuum Damage Mechanics Model

du - 0.875 1 r0 - 0.0035 B - 1.30 A.t - 700.

i- 0.0005 Tb/hln-' C - 8.0 D - 10.0 A14 " 50.

uIonassocjated Flow Rule

0.10 , 0.001 a 0.003 1 w 2.0

TABLE 6. High-strength concrete parameters.
(Stevens and Kzrauthammer 188)

Prager-Drucker Cap Model

f. - 10700. lb/,in E - 4300. I/,,a 2  ,, - 0.20 n - 0.40

-• 0.0025 a -0.60 .- 1.25 h1 - 0.70

Pt- -500. •/LW a - 0.75 S. - 25.f. q - 0.50

c. - 0.50 10 3 -5.0 a 07

P, - 30000. Lb/in
2  P o - 15700.lb/in_

Conctnuum Damage Mechanics Model

d. - 0.875 r. - 0.0028 B - 1.30 A.* - 1000.

-, - 0.0008 mb,,J. et C - 8.0 D - 10.0 A a - 50.

Nonassociaced Flow Rutlp

4-o0.10-o0.001 t2 -oo0 .=_ -2.0
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3. 5 LOADING FUNCTIONS

The magnitude and time pulse history of the blast load were

determined through interpolation of data shown by Coltharp, et

al. '85. Figure 24 shows the spatial distribution of peak

pressure on a 4- by 2.3-m box culvert subject to the nearby

detonation of a HE device. A 20-in-wide strip was superimposed
on the proposed pressure grid at the worst-case location. The

pressure was then converted to a concentrated load which will
on the end of a cantilever beam. The respective areas, pressures

and loads are as shown: The peak pressure of 60 MPa occurred over
an elliptical region approximately 21.6 in high by 30 in wide.

This region was divided into two beams spanning to opposite
supports. The equivalent concentrated load from this region plus

the adjacent zone of 50 NPa at 4 in wide is set at;

(21.6in/2) * (20 in)* (60 MPa) * (144.5 lb/in2 /MPa) - 1873 k
+ (4.0 in)* (20 in)* (50 NPa) * (144.5 lb/in2/MPa) = 578 k

Resultant Peak Load P(t)/2 = ............... 2451 k

Adjacent lower pressure regions dissipated fairly rapidly, and
therefore were not included in the calculation of the load.

Ostracizing this pressure may seem unconservative; however, as

stated earlier, no load reduction based on distribution to

adjacent elements is considered (a conservative assumption which
should more than offset the latter).

Based on the same report by Coltharp et al. '85, the time

history of the load was modeled similar to that shown in Figure

25. The rise time to first peak (t,) was set at 0.04 ms. The
duration of positive pressure (td) was set at 0.53 ms (Fig. 26).

Openings were tested on a load/(1 ft) basis. Therefore, the
loading function described above for connections has been reduced
by a factor of (12/20) for openings with a resultant peak load

P(t)/2 - 1471 :k (Fig. 27).
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3. 6 MODEL CALIBRATION

The adequacy of this procedure was checked by modeling two

simply supported reinforced concrete beaus subjected to an impact

load at midspan. The models simulate tests completed on two
beams Cl and HI by Feldman and Siess 158. Figure 28 presents the

test setup along with the respective cross sections and

geometries. Figures 29 through 32 indicate the loading functions

delivered by the gas-operated ram used for the experiment and the

estimated piece-wise linear interpretation used in the
simulations respectively. Figure 33 shows a deflected shape
after loading; note that large permanent deflections were

sustained by both beams (approximately 2.5 and 8 in for Cl and

HI, respectively). Figure 34 shows the deflected shape of beam
HI in the simulation with contours of principal stress gradients.

The simulation was completed by using the methods described

in Sections 3.2 and 3.3. The mesh (Fig. 35) consists of elements

similar to those used in the coarse mesh test shown in Figure 14

and altered slightly to fit the beam geometry. One-half of the

beam was modeled in order to take advantage of symmetry. The

recorded compressive strengths of concrete (f',) were 5830.0

lb/in2 and 5960.0 lb/in2 (medium strength) for beaus C1 and HI,
respectively. Typical values found for medium-strength concrete

were used for the remaining parameters required for the concrete

constitutive model (Tables 7 and 8) (Schreyer and Bean '87, and

Stevens and Krauthammer '88). The hydrostatic tension cutoff
(Pt) was decreased until the recorded maximum tensile stress in

the principal direction reached approximately 0.10 (f 'I) (Fig.

36). Steel reinforcement consisted of two #6 top bars, two #7

bottom bars, and #3 vertical shear ties with a measured yield of

46.1 k/in2 and 47.2 k/in' for beams Cl and H3, respectively.
Tables 9 and 10 give the remaining parameters which define the

stress-strain curves of a Park and Paulay '75 steel constitutive

model.
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TABLE 7. Bean Cl concrete parameters.
(Stevens and Krauthazuer '88)

trage=-Drc=k.r Cap Model

f- - 5830. 1b/ja2  Z - 4350. k,,I," r - 0.20 a -0.50

6 6-o.o0030 a -o0.60 -1.2 he -0.60

Pt -- Z30. - b/f,,' a -0.65 8 - 25. ,0 q -0.35

en w 0. 40 2 - 1.0 43 - 1.0 coop -0.70

P. - 12000. b/i P., " 5830. lb/inz

Cont=xum Damage Mechanefs Model

4 - 0.8075 ,.,- 0.0035 B - 1.30 At* - 70o.

9 -0.00051b/int C - 8.0 D -10.0 Ac - 50.

Nouassoclaced Flow Rule

# -0.10 0 - 0.001 0 - 0.003 w -2.0

TABLE 8. Beam HI concrete parameters.
(Stevens and Krauthaimer '88)

Prager-Duccker Cap Model

f, - 5960. Th/iz,2  F - 4a00. k/i V - 0.20 u 0.50

- 0.oo30 a - 0.60 p -1.25 h, -0.60

Pt - - 230. b/iZ a - 0.65 ,-25. f, q -0.35
€•- 0. 40 r,2 - 1.0 03 do 1. 0 %,,.0.70

P, - 12000. .b/i, 2 IO - 5960.-7/7W

Co-atinuum Damage MaecbanLc Model

d, - 0.3T75 I e - 0.0035 B - 1.30 At. - 700.

,1 - 0.0005 Ib/in2' L C - 8.0 D o -. 0.O A, - 50.

Nonassociated Flow Rule

Is - 0.10 0. - 0.001 0 -. 0.003 ', -2.0
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TABLE 9. Beam Cl steel reinforcement parameters.
(Stevens and Krauthazmer '88)

Park and Pmnla Steel 1

1 46.lk/if. - 72.w.o,,,.I 0.0016 1 4h O.01oi[ 0o.150

TABLE 10. Beam H1 sreel reinforcement parameters.
(Stevens and Krauthaumer '88)

Park and PaulAy Steel M4odel

- 47.2k/inl. - 72.O°1qWn , - 0.00161,t., -014I,. - 0.2.50
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A comparison of the displacement behaviors between
experimental data shown in Figures 37 and 38 (Feldman and Siess

'58) and the calculated values shown in Figures 39 and 40

indicates a very good agreement between the two. The maximum

displacements are shown below.

TABLE 11. Maximum displacement Beams Cl and H1
BEAM MAX. DISPLACEMENT (inches)

(ZXPER) (SAMSON2)

Cl 3.0 3.2

Hi 8.4 7.2

Note that a large difference in displacement with a

relatively small increase in load occurred between the two beaus
Cl and HI, which indicates a high degree of sensitivity to the

loading function. Therefore the degree of accuracy in the
simulation is limited to the accuracy in which the loading is
interpreted. In conclusion, these results indeed show a good

indication of the reliability and sensitivity of the finite

element method used for this study.
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Figure. 29. Applied midspan load of bean el.
(Feldman and Siess 958)
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Figure 30. Applied midspan load of beam H1.
(Feldman and Siess '58)
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Figure 32. Applied analytical load of beam H1.
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Figure 33. Impact loaded concrete beam HI.
(Feldman and Siess 158)

A -7962 G - -1682
B - -6915 H = -635
C -5868 I 412
D -4822 3 - 1459
E -3775 K M 2505
F -2728 L - 3552

(values in Th/±nz 10

Figure 34. Analytically loaded model simulation of

beam Hl.
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4.0 ANALYSIS

The purpose of this chapter is to select structural details

of connections, openings, and attachments from the information

gathered in Section 2 and subject them to simulated blast loads

through the procedure outlined in Section 3. Figure 13 shows a

typical protective structure with a blast load P(t) applied to

the opening cover from either side. The portions of the

structure (connection details, and openings) that are studied

here are labeled as shown. The magnitude and time-pulse history

of this blast load as outlined in Section 3.4 show a resultant

Peak Load P(t)/2 equal to 2451 k and 1471 k for connections and

openings, respectively. The rise time to first peak (t.) was set

at 0.04 as with a duration of positive pressure (td) set at 0.53

ms (Figs. 26 and 27).

4.1 DETAIL REOUMIEMET

Several preliminary details for connections, openings and

attachments were choeen based on their performance in previous
research. An initial investigation was performed to determine

which details would meet the design criteria as stated in Section

2. In review of Section 2 the guidelines for design and the

criteria tested for (strength and serviceability) are listed
below. The structural details that satisfied the design

guidelines were then studied as discussed in this section for

their strength and serviceability characteristics.

4.1.1 Desian Guidelines

4.1.1.1 Reinforcement ratios A/bd should be limited to a
range of 0.5% to 0.75% for slab/wall connections. This

ratio may be increased for beam/column applications;
however, crossties in the joint region should be designed
according to Eq. 4.
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4.1.1.2 Stirrups for diagonal shear are required in all
beam/column joints in accordance with:

* ACI 318-83 Type Two connections for shear and

confinement (Eqs. I and 2)

- Park and Paulay '75, requirements for diagonal
splitting (Eq. 3)

4.1.1.3 Reinforcement terminating in a knee joint should be

developed in a 180-deg bend with the return leg
embedded in the opposing force region.

4.1.1.4 Reinforcement terminating in a tee joint should be
developed in a 90-deg hook with the legs extending

through the midheight of the connection (Eq. 6).

4.1.1.5 Minimum clear cover for reinforcement should exceed 2db

and the minimum bar spacing should exceed 3d. for

limiting the effects of splitting cracks as set forth in

the ACI 318-89 code.
4.1.1.6 Diagonal haunches or splays should be added to all

inside corners.
4.1.1.7 Diagonal reinforcement equal to half the area of the main

flexural steel is required at all inside corners.
4.1.1.8 A hinge should not occur in the joint region.

4.1.1.9 Precast connections should be posttensioned to eliminate

the formation of gaps which could allow the contamination
of the facility.

4.1.2 Strength and Serviceability Criteria

4.1.2.1 The "ductility factor" (p) should not exceed 1, and
deflections should not exceed approximately W/240 at

midspan. The value for deflections may be altered by the
designer dependinS on the structures requirements.

4.1.2.2 Average compressive stress due to flexure in the concrete

immediately above the compression reinforcement should

not exceed 0.45 * fi .
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4.1.2.3 Tensile and compressive stress in the reinforcement
located irn the elements should not exceed 2/3 fy.

4.1.2.4 Tenstl and compressive stress in the reinforcement
located in the joint region should not exceed 1/3 fy.

4.1.2.5 Direct shear at any point in the structure should not
exceed the Hawkins shear limit re (Eq. 9).

4.1.2.6 Diagonal shear in slab/walls should not exceed
4 * (fId)1*. For values of shear higher than this,

stirrups must be added in accordance with ACI 318-83

Type Two connections.

4.2 CO2NECTIONS

Two different connection types (knee and-tee joints) with

varying configurations (monolithic concrete, monolithic SIFCON,
and precast/posttensioned) will be investigated. The selected
details for each configuration were then tested for their
structural integrity (Section 2) when subjected to blast loads by

the procedure outlined in Section 3. Minor alterations in
overall dimensions, amount of reinforcement, and location of
reinforcement were made until safe and efficient behavior were
observed. Material properties for steel, concrete, and SIFCON
(when used) were held constant for all the details.

Based on common practice, steel reinforcement with grade 60
specification was chosen as the standard. A yield strength fy
equal to 65 k/in2 , which is very common in grade 60 steel, was
used for analysis purposes. (Reinforcement classification is
based on meeting or exceeding the specified grade.) Parameters

used for the steel model are shown in Table 12. Concrete
properties will be based on medium-strength parameters, or those

used for a compressive strength f'0 equal to 6000 lb/in2. The
parameters used will be identical to those shown in Table 8.
SIFCON will be modeled with updated medium-strength concrete
parameters shown in Table 13.
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TABLE 12. Steel reinforcement parameters.

Park and Paulay Steel Model

f,- 65.0ok/in. - .10.ok/i,,, ,, - 0.0018 14, - 0.010 , - 0.120

TABLE 13. SIFCON parameters.

ftage'-.r*D er Cap Model

S-12000. lb/in- 9 - 1200. x/ire v - 0.20 u - 0.50

,-0.o0030 a - 0.60 A -1.25 h. -0.60

- -1000.l b/I m a - 0.65 S - 25.f. q - 0.35

41 -0._ . _ C2 - 1.0 -1.0 , 0.70

?, - 30000. lb/inz p, ..s18000.ib/ice

Cout.uwmm Daua.e Mechanics Model

a - 0.875 j 0.0035 3 - 1.30 AJ% -700.

,r- 0.O0003 JIb/iw' C - 8.0 D - 10.0 Ale - 50.
2on ssoc£&aed Floa Pule

0.10 0. - 0.0011 0 - 0.003 s -2.0
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The geometrical approach used to model the connection

behavior as outlined in Section 3.2 displays a column/wall

rigidly attached at its base (mid-height between stories) with a

projection of 5-ft 6-in to the top of the connection. At 90-deg

from the column/wall, a beam/slab cantilevers 5-ft 6-in from the

outside face of the connection. A concentrated blast load as

defined earlier was then applied to the end of the cantilever.

This geometry defines a structure with a story height and span

length of approximately 10 and 14 ft, respectively (Fig. 13).

Contained in the span is a 3-ft opening between two 5-ft 6-in

cantilevers.

4.2.1 Analysis Procedure

The methodology used to determine the most efficient details
followed this basic outline. The monolithic concrete knee joint

was picked as the first detail to investigate. Initializing the

analysis with this detail stems from three primary observations.

4.2.1.1 To date most structures built to withstand blast loads

consist primarily of walls and slabs connected at the

exterior in a knee joint.
4.2.1.2 Structural response of knee joints is subjected to

extreme behavior in terms of stress gradients.

4.2.1.3 Details sufficient for the knee joint should translate

very well to other types of joints.

Box structures tested in the report by Coltharp et al. '85

consisted of walls with thicknesses of 13, 16, 19 and 22 in (Fig.

41). In the first test run, the thickness of the connected

elements was set at 12 in. After completion of the tests, it was

determined that 12 in would be insufficient to provide adequate

strength and serviceability as noted above. Consequently,

thicknesses for the following tests were increased to 18 in.

Subsequent details were shown to give reliable results.
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Details for the monolithic knee joint which contained the

best characteristics and performance record will be extended to

monolithic SIFCON knee joints, monolithic tee-joints, and precast

knee and tee joints. Details for these connection types will

then be tested, analyzed, and compared in a similar fashion.

4.2.2 Monolithic Knee Joint

The first connection tested (BSL2A, Fig. 42) incorporates a
20-in-wide by 12-in-thick column/wall and a 20-in-wide by 12-in-
thick beam/slab detail. The mesh shown in Fig. 42 utilizes
quadratic 8-node rectangular elements to model the concrete as
stated in Section 3, with element sizes in the connection region
similar to that shown for the coarse mesh in Fig. 14. The
maximum element size is 16-in-long by 4-in-wide located at the
base of the column/wall, with three elements stacked across the
thickness. Each of the seven nodes along the base of the
column/wall are restrained from vertical and horizontal
translation to simulate base fixity. At 32 in from the base the
elements are decreased in size to 8-in-long by 4-in-wide

elements. The joint area is defined by twelve 4-in-long by 3-in-
wide elements. The diagonal concrete strut at the connection
interface is described by a 6-node triangular element with two 8-
in sides. The beam/slab portion consists of a mesh pattern

similar to that of the column/wall, with four 3-in-wide elements
stacked across the thickness. The concentrated blast load is

applied to the end of the beam/slab through 6-in-long steel
elements. These elements are incorporated to distribute the load
to the end of the beam/slab while minimizing the effects of local
failure in the concrete, and are not indented for actual use in
design. For the effects of local failure, see the analysis on
openings in Section 4.3.

The overlaid reinforcement mesh consisting of steel 2-node
bar elements are connected to the midline nodes of the concrete
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elements. Note that diagonal reinforcement will also be attached

to corner nodes to ensure proper geometry. The reinforcement

sizes are shown as follows. The beam/slab and column/wall are

reinforced with 1.5% steel (three #9 bars) on each face, with

0.95 and 1.45 in of cover, respectively. Diagonal steel (three

#8 bars) is placed 2 in from the exterior face of an 8-in

diagonal concrete strut located on the inside corner of the

connection interface. The #9 main flexural bars are anchored in

the joint with 180-deg hooks returning into the opposing stress

region. Due to the high reinforcement ratio (1.5%), transverse

stirrups are tied around the I8 diagonal bars and the outer face

flexural bars in both the beam/column and slab/wall connections.

Note that the initial test connection contained a steel ratio of

0.5% and was subsequently increased in an attempt to improve the

results.

The second connection detail (BL-17, and BL-1A; Fig. 43)
incorporates a 20-in-wide by 18-in-thick column/wall, and a 20-in-

wide by 18-in-thick beam/slab detail. The mesh scheme used for

this test is identical to that used for connection BSL2A, with

two exceptions. Width of the elements has been increased to 6

and 4.5 in for the column/wall and beam/slab members,

respectively. And, the diagonal concrete strut located at the
connection interface was deleted from the detail. Two different

flexural reinforcement ratios were tested; 0.6% for BL-17 (three

#7 bars), and 1.0% for BL-IA (three #9 bars), on each face. The

clear cover at the beam/slab is 1.83 and 1.7 in for the #7 and

the #9 bars, respectively. The clear cover at the column/wall is

2.58 and 2.45 in for the #7 and the #9 bars, respectively. The

steel ratio was increased for BL-IA in order to reduce high

deflections and bar stresses encountered in BL-17. Diagonal

steel (two #6 bars for BL-17) and (two #8 bars for BL-1A) is

placed on the inside corner of the beam-column interface at a 45-
deg angle with 2 in of cover. The main flexural bars are

anchored in the joint with 180-deg hooks returning into the
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opposing stress region. Due to the high percentage of steel

reinforcement in BL-IA, transverse stirrups are required in both

the beam/column and slab/wall connections. The stirrups should
be tied around the #8 diagonal bars and the outer face flexural

bars.

The third connection (BL-6A, Fig. 44) incorporates a 20-in-

wide by 18-in-thick column/wall and a 20-in-wide by 18-in-thick

beam/slab detail. The mesh layout is identical to BL-lA with an
8-in diagonal concrete strut added to the interior corner of the

connection interface. The beam/slab and column/wall are

reinforced with 0.6% steel (three #7 bars) on each face with 1.8
and 2.5 in of cover, respectively. Diagonal steel (two #6 bars)

equal to 0.5(A/bd) is placed 2 in from the exterior face of the

8-in diagonal concrete strut. The #7 main flexural bars are

anchored in the joint with 180-deg hooks returning into the
opposing stress region. Transverse stirrups tied around the #6

diagonal bars and the outer face flexural bars are required only
for beam/column connections. These stirrups are not required for

wall-slab connections if the joint shear is within the ACI 318-83
specified limits as outlined in the strength and serviceability

criteria above.

The fourth connection (BL-6C) is identical to BL-6A (Fig.
44) with one exception. The diagonal bar steel is increased to

three #7s, which is equal to the amount of steel used for the
main flexural bars or 0.60(A./bd).

The fifth connection (BLS6A) incorporates a 20-in-wide by

18-in-thick column/wall and beam/slab detail with SIFCON material

used in the connection region as shown in Fig. 45. The geometry

and reinforcement used in this detail are identical to that used
for the BL-6A connection.
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Diagonal crossties located in the joint region (Fig. 46)

were added to three of the connections described above and run
separately for comparison reasons. Two of the connection details

(BSL2A, and BL-lA) require ties as set forth in Section 4.1.1,

and the third detail (BL-6A) does not. Four closed #3 ties will
be considered with an area/tie-leg (a,,) calculated from Eq. 4

for wall/slab connections using the detail BL-1A. Stress

measured in these ties and their effect on the overall behavior
of the connection should indicate which details benefit from
their use. Details vith the ties are designated with an "S" in

place of the "A" at the end of the detail title (i.e., BL-lS).

4.2.3 Monolithic Toe Joint

The geometry used to study tee joints consists of a 48-in-
long, 20-in-wide by 18-in-thick cantilevered beau/slab framing at

90 deg into the center of a 108-in-long, 20-in-wide by 18-in-

thick column/wall. A blast load ar defined in Section 3.4 is

applied to the end of the cantilever through a 6-in-long, 20-in-
wide by 18--n-thick steel plate similar to that described in
Section 4.22. Two types of details based on the detail BL-6A
were tested. This detail type was chosen for its overall

performance in the tests on knee joints outlined above. The

characteristics that varied between the three details were the

size of haunches used at the connection interface and the amount

of diagonal steel located in the haunch.

The first detail (BT-6A, Fig. 47) incorporates the
geometry shown above with a 4.5-in-haunch located at the

connection interface. The mesh layout and element size is
similar to that used for the knee joint. Three 6-in-wide

elements are stacked across the thickness of the column/wall and

broken into three sets along its length. The first and third
sets near the supports consist of three 12-in-long elements. The

interior set consists of eight 4.5-in-lon9 elements. The
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Figure 44. Connection detail BL-6A with labeled concrete
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beau/slab is made up of four sets of elements 4.5 in wide across

the thickness, with three elements 12 in long at the end, and two

elements 6 in long near the joint. The steel plate elements at

the end of the beam/slab are similar to those described in

Section 4.2. The haunch is described by a 6-node triangular

element. Pinned restraints are located at seven nodes across the

thickness on the top and bottom of the column/wall.

Reinforcement mesh is overlaid in a manner similar to that

described in the knee joints above. The beau/slab and

column/wall are reinforced with 0.6% steel (three #7 bars) on

each face with 1.8 and 2.5 in of clear cover respectively.

Diagonal steel (two #6 bars) is placed 2 in from the exterior

face of a 4.5-in diagonal concrete strut located on the inside

corner of the connection interface. The #7 flexural bars

extending from the beau/slab are anchored in the joint with

standard 90-deg hooks with the legs crossing the midheight of the
connection. The column/wall reinforcement is continuous through

the joint.

The second detail (BT-9A, Fig. 48) incorporates the same

beam/slab and column/wall dimensions with the same steel

reinforcement as that for BT-6A. However, the diagonal haunches

are increased to 9 in and the diagonal steel is increased to

three 17 bars. The haunches are described with a 6-node

triangular element and an 8-node quadrilateral element.

4.2.4 Precast Knee Joint

The overall geometry of the precast structure is identical

to the monolithic structure described in Section 4.1. For this

case, a precast beam/slab is posttensioned to a precast

column/wall. Two types of precast details with this

configuration were then subjected to a blast load applied to the

end of the beam/slab through steel plates as outlined earlier.
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The first detail (PL-1D, Fig. 49) incorporates a 20-in wide

by 18-in-thick beam/slab with a 20-in-wide by 18-in-thick
column/wall. The bean is placed on a corbel which protrudes 6 in

from the face of the column. A 0.5-in cotton duck pad is placed
between the bottom of the beam and the top of the corbel. A

second pad is placed between the end of the beam and the face of

the column. The beam is then post-tensioned to the column with
four #9 threaded bars as shown in Fig. 11. The #9 bars are

placed in 3-ft-long sleeves cast in the beam and threaded into

lenton couplers located in the column. These bars are then
stressed to 33 k/in2 which will compress the pad and ensure a
uniform seal. In addition, a continuous steel angle with a 3/8-

in diagonal strut located at 20 in on center is welded to the
face of the corbel and the bottom of the beam. The only steel

modeled in the corbel is a continuation of the diagonal steel
with an area of 1.0 inZ. For a complete corbel design, see the

precast information in Section 2.

The second detail (PL-2S, Fig. 50) is identical to PL-1D
with one exception. The end of the beam/slab is placed 4 in from

the face of the column/wall. This gap will then be grouted solid

with concrete. The beam is then posttensioned to the column with
four #9 threaded bars in a procedure similar to detail PL-1D.

The third detail (PL-4S) is identical to PL-2S; however, the

posttensioning stress in the #9 threaded bars is limited to 10
k/in2 . The fourth detail (PL-7S), constructed in a manner
similar to PL-4S, incorporates four 1.25-in-diameter high

strength (88 k/in2) coil rods for the fiexural reinforcement

(As/bd - 0.66%) and diagonal struts welded to the continuous
angle at 10 in on center.

4.2.5 Precast Tee Joint

One precast tee joint was tested (PL-8S). The overall

geometry of the connection is similar to the monolithic tee joint
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(BT-6A, Fig. 47), with details similar to PL-4S. Two beau/slabs

are cantilevered from opposite faces of the column/wall with

restraints applied to the end of one and the load applied to the

end of the other.

4.3 OPENINGS

As stated in Section 2, the object of this report was to

determine adequate edge reinforcement at the opening along with

the means of transferring blast loads from the edge to the

interior of the slab and ultimately the support via the

connections. The critical factor for determining successful

opening behavior is the amount of local material failure. To

accomplish this, the load transferred from the opening cover to

the slab must be distributed to a large enough area to keep

stresses within a tolerable range. The material (concrete or

SIFCON) at the edge of all openings will be confined by steel

plates and the opening covers will transfer load only at these

plate locations. Therefore, the width of these plates and their

anchorage to the slab is critical to the behavior of the slab

edge and will be determined by analyzing the stresses in the

material directly under the plates.

Two different material types, one using reinforced concrete

and the other using reinforced SIFCON, will be investigated. A

two-dimensional analysis will be completed on a strip of slab 12

in wide. The applied blast load magnitude is a ratio of 12/20

times the value determined in Section 3.4 with an identical time

history.

4.3.1 openings in Reinforced Concrete structures

The analysis considers the last 18 in of the slab preceding

the edge of the opening. The overall geometry of the slab edge

consists of a 12-in-wide strip 18 in thick (STAND, Figs. 51 and
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52). The concrete is modeled with eighteen 3-in by 6-in

quadratic rectangular elements. In addition, steel plates

represented by beam elements are attached to the exterior nodes

of concrete elements along the free edge and return back 12 in at

the top and bottom to form a continuous channel. Note, the 12-in

dimension was determined through preliminary test runs and found

to be the minimum required for the concrete opening. Steel bar

elements are attached to the plates to simulate reinforcement

anchorage. The edge opposite the opening is pinned at seven

nodes to simulate continuity with the supporting leg of the slab.

The reinforcement mesh will be overlaid and connecte~d to the

midline nodes of the concrete elements similar to the procedure
outlined in Section 4.2.2. Slab r.inforcement consisting of 47

bars at 6 in on center top and bottom (see BL-6A) are extended
into the edge region and terminate in a standard 90-deg hook

turned toward the midheight of the slab with 2.5 in of cover.
Plate anchorage parallel with the slab reinforcement also

consists of 17 bars at 6 in on center located at the top, center,

and bottom of the slab. The length of these bars should extend a

minimum of 1 . 7 (ld) into the slab. Vertical plate anchorage

attached to the top an bottom plates consists of two #7 bars

located at 5 and 10 in from the opening edge and spaced at 6 in

on center along the length of the opening.

After the initial blast load, a region of high stress

directly below the top 12-in load transferring plate will crush

approximately the top 1 in of concrete. To simulate the damaged

concrete, soft elements (with a modulus of elasticity equal to

1/4 that of concrete) are inserted between the top plate and the

undamaged concrete elements. A second blast load is applied to

this configuration (CRUSH, Fig. 53) to monitor the eftects of

repeated loading on the plate anchorage and undamaged concrete.
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15. 1.6 17 18

306"

13' = 18"

OPENING (mesh')
Figure 51. Mesh for opening details with labeled concrete

elements.
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17S e6' O.C 7Ik

............. 8

17s e 6' o.c.
I9s con!: EZU

ft Cant

SWeel Plates --

OPE[NNG (plain concrete)
Figure 52. Opening detail STAND with labeled steel

reinforcement elements.
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v~s # 6v, o.c.-,
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- Stee. PLates •-.--

OPENING (crush)
Figure 53. Opening detail CRUSH with labeled steel

reinforcement elements.

U : P( t)/A2t6') 'I>I
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.... ..... ... - - , -. _19s Cat.

Steel Plates

OPENING (sifcon)

Figure 54. Opening detail SIFCO with labeled steel
reinforcement elements.
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4.3.2 Ofeninas in Reinforced SIFCON structures

The SIFCON opening detail (SIFCO, Fig. 54) is identical to

the concrete opening detail shown previously, with three

exceptions. As expected the concrete elements are replaced with
SIFCON elements. Preliminary test runs indicate that a 6-in

return plate at the top and bottom is sufficient for distributing
the load. And, only one vertical #7 bar anchor at 6 in on center
is required between the top and bottom plates. Due to the high

compressive strength of SIFCON, crushing under the top transfer
plate did not occur; therefore, it was not necessary to run a

repeated loading condition.

4. 4ATAHES

The test for attachments simulates the effects of a 1000-lb

object subjected to an acceleration of 20 g on an insert embedded

In a concrete slab. The resultant horizontal peak load is
equivalent to 20 k with a load-time history similar to that

described in Section 3.4. The insert is attached to the main
slab flexural reinforcement with a minimum of one stirrup wrapped

around the bars on each side of the insert (Fig. 55). The area

of the steel insert is set at 0.31 in, with a yield strength (fy)

equal to 60 k/in2.

4.5 GENERAL TEST RUN INFORMATION

SAMSON2 relies on a central difference method for the

explicit integration solution scheme. To assure solution
stability the maximum time step for each particular model is

limited to the following:

:5 2/wmx ((I + 02)1/2 ._) (14)
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Attachment

Flexural Steel -- 3 @ 6'186'

Stirrups

.6 @ 3' :18'iI I

Attachment detail

Figure 55. Attachment detail with labeled concrete
and steel reinforcement elements.
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where w. is the maximum eigenvalue (highest frequency) of the
system and As is the fraction of critical damping in the highest
frequency. For constant strain elements the highest frequency
may be estimated by

w. -20/1 (15)

where c is the maximum elastic wave speed of the material and 1
the minimum element dimension (Schreyer et al. o84). One can see
that the time step between stiffness calculations is directly
dependent on the size of the smallest element in the model. For
this reason, use the largest elements possible which will not
create stress discontinuities in the mesh scheme.

The total time required to see the full reaction picture is
related to the fundamental period (T) of the structure.
Determination of T for the structures tested above is difficult,
based on the particular geometries in question; however, the time
required for a cantilevered beam of length equal to the total
length of the structure is a reasonable upper bound for T. An
approximate solution for T based on a cantilevered beam is as
follows

T = (2r/(1.875)2] * (ml'/EI)"2 (16)

were a is the mass/unit length of beam, I is the total length, B
is the modulus of elasticity, and I the moment of inertia.

4.6 OPUPT INFORMTONQ

Two main types of output data were used to interpret the
results of the tests. Time-history plots of stress and strain
were taken at various elements in order to determine their
response throughout the history of the loading and its effects on
the structure. Critical elements for which data will be shown in
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this report are called out on each particular figure. The
critical elements were chosen from the field of elements by the
amount of stress imposed on them. The stress on these elements
is then checked against the design criteria for strength and
serviceability.

The second type of output data depicts the stress or strain
contours over the entire structure at a particular time instant.
This was accomplished through the use of the graphics code
MOVIE.BYU. These pictures are extremely helpful in determining
areas of high stress concentrations. The SAMSON2 code is run on
an IBM 4341 main frame computer, and MOVIE.BDU is illustrated on
an IRIS graphics workstation. The two computers were interfaced
for creating these pictures.
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5. 0 RESULTS AND DISCUSSION

Presented in this chapter is a summary of the results

obtained from the completed tests outlined in Section 4. The
data collected from time-history plots are displayed in tabular

form by listing the observed maximum values. Peak deflections
and stresses are shown for concrete and steel elements at
critical locations in each detail. Comparisons are made between

details, and ultimately with the allowable values as determined

in the section on strength and serviceability.

Several time-history plots of displacements, stresses, and
strains were recorded for each detail during the simulation runs.
A typical plot displays the quantity in question along the y-
ordinate of the graph, with the time in seconds increasing along

the positive x-ordinate. The elements and nodes chosen for

analysis were assumed to be critical to the survival of the
structure and representative of the aggregate behavior of the
structure. Numbers and locations of nodes and elements for each

detail are shown in the figures described in Section 4. An
example of each type of time-history plot for the connection

detail BL-6A is shown in the following figures: where

displacement is shown in Fig. 56, shear in Fig. 57, y-strain and
x-stress in Fig. 58, and bar stresses in Figs. 59 through 61.

In addition to the individual element time-history plots,

pictures were taken at specified times of stress and strain
gradients over the entire structure. Due to the large amount of
data required for each picture, the maximum values for each type
of stress and strain could not be pinpointed. However, data from
the values given for each gradient can be interpolated with the
maximum values given in the tables. Pictures of various details

are shown in Figures 62 through 78.
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@L-6A KNEE JOINT I/.GZ STLU DIAG.
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Figure 57. Time-history plots of shear for
connection detail BL-6A.
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Figure 58. Time-history plots of y-strain and x-stress
for connection detail BL-6A.
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Figure 59. Tize-history plots of uniaxial bar stress for
connection detail BL-6A.
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Figure 60. Time-history plots of uniaxia! bar stress for
connection detail BL-6A.
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Figure 61. Time-history plots of uniaxial bar stress for
connection detail BL-6A.
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63. Picture of shear Stress at a late time for
connection detail BL-6A.
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connection detail BL-6A.
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109



AG
-584 - "431- 494 -41 5

jD " "403 so•14a ft - 313 j ,I214
F ft "222 IC 2 322

Figure 68 
L 322u O a (Values in 

Sbtlin t 
7

connection detail SSL2A.

t~~~ 

.
1Z2G=186

-1374 Ha 5' 1137, S 20

-899 $290

; 

I• m "6 1 K 765

S 423 L 10036
Figur* 69. Picture oo (valu In l/lb) aconnection detail 8SL2A s eorOf X-l 

fo



A - -2959 G - -1193
B - -2665 H - -898
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Figure 71. Picture of x-direction stress for
connection detail BL-6B.
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Figure 70. Picture of shear stress at an early time for
connection detail BL-68.
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Figure 73. Picture of x-direction strain for
connection detail PL-2S.
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Figure 74. Picture of shear stress at an early time for
connection detail PL-2S.
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Figure 75. Picture of shear stress for
opening detail STAND.
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Figure 76. Picture of y-direction stress for
opening detail STAND.

114



A = -2057 G = 548
B - -1623 H = 983
C " -1189 1 - 1417
D - -754 m = 1851

Z - -320F m0 114

(values in lb/in2 ) 17

Figure 77. Picture of shear stress for
opening detail SIFCO.
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Figure 78. Picture of y-direction stress for
opening detail SIFCO.
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5.1 -ONCIN

Connections are discussed in the same order for which they

were investigated, beginning with the monolithic knee joint. As
stated in Section 3, results were monitored during the course of
the investigation, allowing an evolution of improvements to each
successive detail. The intent is not to exhibit all of the
trials; however, descriptive details along the path of
improvement have been singled out for comparison reasons. As
stated earlier, these comparisons are described in a table of
maximum values for critical elements for each type of connection
detail studied. These values will then be compared to limits set
forth in Section 2.8.2, the strength and serviceability criteria.

5.1.1 Calculated Maximum Allowable Values

In reference to Section 2.8.2, the specific maximum
allowable values pertaining to each parameter at critical points
in the structure are calculated as follows:

5.1.1.1 Maximum deflection at midspan (or the end of a
cantilever) drwx - L/240 - 0.5 in

(L = 120-in clear span)
5.1.1.2 Compressive stress < 0.45 * f' - 2700 lb/in2

(f t - 6000 lb/in2 )

5.1.1.3 Element bar stress < 2/3 * fy = 43,300 lb/in2

(f, - 65,000 lb/in 2 )

5.1.1.4 Joint bar stress < 1/3 * f, = 21,600 lb/in2

5.1.1.5 Direct shear < 0.8 -s 908 lb/in2

0.8 = 0.8 (8(f' )1 /2 + 0.8 vt fy] < 0.35 fc

(The limiting detail for this case is BL-17.)
5.1.1.6 Flexural shear < (0.85) * 4 * (f,9)1/ 2 = 263 lb/in2

when ties are not present in the joint.
< [(.85) * 12 * (fe)i/2/1.25 . 610 lb/in2

when ties are present in the joint.
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5.1.2 Monolithic Knee Joints

The results of the monolithic knee joint tests are
summarized in Tables 14 through 18. Tables 14 and 15 give values
for Joints without diagonal crossties subjected to loads
accompanied with opening moments. Table 16 shows values of
stress on crosaties added to the joint. Tables 17 and 18

represent connections subjected to loads accompanied with closing
moments.

The detail with a 12-in beau and column (BSL2A, Fig. 42)

shows values of deflections and stresses which exceed the
allowable in all respects. The reinforcement ratio (1.5%) is
already quite high, which indicates that the overall size of the
joint in this detail is not sufficient to resist the applied
load.

The second detail (BL-17, Fig. 43) connects 18-in-thick
members with a reinforcement ratio of 0.6%. The concrete
elements remained within allowable values; however, the

deflection at the cantilevered end was over by 24%. Also, very
high bar stresses were recorded at the interior of the joint and

along the diagonal bar. To strengthen the detail, the
reinforcement ratio was increased to 1.0% (BL-IA). The
performance of this connection was very good, with only two bars
exceeding the allowable in the joint region. Bond loss and

slippage may be a problem with these bars. Note that crossties
are required for all applications of this detail.

The third connection (BL-6A, Fig. 44) is very similar to BL-

17 with an 8-in haunch located at the interior of the joint
interface and a steel ratio of 0.6%. This detail satisfied all

the criteria required, with one exception - the deflection was
over by 14%. The bar stresses at the interior of the joint were
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very low, which indicates a high survivability rate under

repeated loading conditions. Increasing the size of the diagonal

steel (BL-6C) was of little benefit to the connection, which

indicates that the area of diagonal steel should be hold to 0.5

A81 . Both connections BL-IlA and BL-6A performed very well when

subjected to loads accompanied with a closing moment. Tables 17
and 18 show all parameters within the allowable range, with only

a slight overstress noted in the tensile reinforcement in

elements 55 and 56.

The connection which performed the best out of the five,
incorporated SIFCON material (BLS6A, Fig. 45) in the joint

region. Both deflections and bar stresses in the joint region
decreased dramatically. The use of SIFCON in the connection

should virtually eliminate the need for shear and confinement

ties. Reinforcement bond loss will be almost nonexistent due to

the high crack-control qualities inherent in SIFCON.

Diagonal crossties have been added to the interior of the

joint (Fig. 46) in details BSL2A, BL-1A, and BL-6A in accordance

with the proposed Eq. 4. The titles of the new details are

BSL2S, BL-IS, and BL-6S, respectively. The first two connections

required the use of these ties due to their high ratio of steel

(1.5% and 1.0%), while the third with a ratio of 0.6% did not.

The results of this test are shown in Table 16. Note that only

the stresses in the crossties have been shown since their effect

on the rest of the parameters was minimal. The stresses
developed in the bar element 83 correlate well with the expected

behavior. The values shown for BSL2S (20000 lb/in2) and BL-IS

(18200 lb/in2 ) are approximately four times that recorded for BL-

6S (5500 lb/in2 ). The corresponding tensile strains developed in

the concrete definitely indicate that diagonal cracking has

occurred in the first two connections, while strains were still

in the uncracked range for the third - good indication that

proposed Eq. 4 is appropriate for wall/slab connections.
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TABLE 14. Results for monolithic knee joints subjected to
opening moments (concrete elements).

__T .. DZ177 T W M .

mode 148 4top. Ln 0.5 1.03 0.62 0.$3 0.57 0.46

19 ?-Strala I n I 0.51 0.27 0.T ;6 0 .,16
29 -- T 1:

I -2700 -3600 -2400 -2400 -2400 -1400

- - -4--

22 direct -908 -900 -340 I -340 -260 -390
hlexurm I 10 430 310 I 280 I 250 '1208

27 dire~ct I 908 I -590 I -525 I -550 j -4800 -280
LexuZe 6101 350 1 435 410 302 210

31 dLzect -908 5-50 -570 -540 -610 -480
2lexuri 6T0 1 420 250 -260 250 330

TABLE 15. Results for monolithic knee joints subjected to
opening moments (bar elements).

ZL - i

no. n• •. SLIA B- L-LIA SL-6A BL36A

SS ba I 21660 -9500 -10000 -9300 -7800 -LSO0O

56 bar I 43330 --14400 -11000 -L2000 -10000 I -23000

-7 bar 43330 -i- -90oo -0o90 -10000 -9600 -26,000

62 b4r I 43330 I 52000 36000 32000 * 43000 24000

63 bar 43330 45000 46000I 36000 I 32000 1o7000

04 bas 21660 25000 40000 31000 18000 10000

65 bat L 21660 19000 25000 21000 7500 6100

66 bar I 2660 8100 9000 8000 I 1700 4000
69 bar. 2-660 7 -20

___ 0 19 I L6000 4800

70 bar• 21660 26000 34000 27000 17000 15000

71 bat 43330 44000 49000 41000 36000 18000

72 bat 43330 57000 38000 34000 1 45000 26000

73 bar I 43330 i 56000 35000 31000 26000 1 41000

76 bar 43330 33000 15000 I 15000 I 18ooo I 9400

78 bar 43330 46000 63000 466000 43000 26000

80 bar 43330 17000 23000 18000 113000 j 14000

119



TABLE 16. Results for diagonal crossties.

3LIIIE a SRSS ALLOW.f
no. lb/lu4 BSL28 BL-1S OL-68BiB 

____ 
i 

l __ 
__ 

__ 
__ 

_ 

-i

83 bar 21660 20000 18200 5500
86 bar 21660 7500 5200 3500

TABLE 17. Results for monolithic knee joints subjected to
closing moments (concrete elements).

ELEET PA ALLOW.
no. I BL-1k BL-dA

no" 148 displ. in. 0.5 -0.43 -0.45

19__ Y-strain 1  0.07 0.07

29 X-stress -2700 500 500

shear __

14 direct -908 810 480
fl*e=re 610 810 -220

22 direct -908 440 560
flexure 610 480 400

27 direct -908 440 440
flexure 610 -680 -230

31 direct -908 370 350
fleQxrTe j 610 -370 -350

TABLE 18. Results for monolithic knee joints subjected to
closing moments (bar elements).

EL " STRESS ALLOW.
no. lb/n2 BL-IA BL-6A

55 bar 21660 33000 27000

56 bar 43330 41000 46000

57 bar 43330 38000 37000

Sba 43330 -17000 -1o7000

73 43330 -13000 -13000

843330 J-8000 -17000
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5.1.3 Monolithic Tee Joints

The results for the monolithic tee joint are shown in Tables
19 and 20. The connection BT-6A (Fig. 47) utilizes a detail
similar to the knee joint BL-6A modeled with a 4.5-in diagonal
strut. The tensile reinforcement in the beam extending into the
core of the joint (elements 102 through 105) are stressed well
into the yield range. Therefore, we increased the strut size to
9 in and the area of the diagonal steel to 0.6% in detail BT-9A
(Fig. 48). This reduced the tensile stresses in the joint region
to within acceptable values; however, stresses in elements 104
and 105 are still beyond the designated two-thirds yield limit.
These bars are expected to yield and create a hinge at the tip of
the diagonal haunch. The core of the joint in this detail is
relatively unaffected by the hinge, and therefore anchorage
failure in the connection is not anticipated. Both details have
shown high flexural shear stresses at the interface and interior
of the joint. This is due to a stiff column and flexible beam
configuration. Correct design of shear stirrups at these regions
of concentrated moment and shear is a necessity. As stated
earlier, beam/slaN- ties should be continued to the face of the
joint, while column/wall ties should be continued through the
joint. The reinforcement in the column was subject to very light
stress (a maximum of 23000 lb/in2 located in element 90).

5.1.4 Precast Knee Joints

The results of the precast knee joint connection tests are
summarized in Tables 21 and 22. Detail PL-lD (Fig. 49) transfers
all compressive loads through a flexible, reinforced fiber pad.
Deflections are maintained at an acceptable value; however,
compressive stress in the top reinforcement (element 76) is well
into the yield range, which may cause local buckling of the bar.
The stress in the tensile reinforcement (element 68) does not
reach yield; however, the stress is 20% higher than allowable.
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TABLE 19. Results for monolithic tee joints
(concrete elements).

WMMT PPAI mT ALIM.
no. T-dA BST-9A

node 243 diSp. in. 0.5 0.33 0.27

57 Y-strain 0.28 0.24

35 X-strin 0.06 .14

shear

22 direct -908 -220 -180
flexure 610 240 220

25 direct -908 -660 -600
flew=ue 610 310 410

38 direct -908 -280 -240
flexure 610 170 430

40 direct -908 i -520 -580
flexuwre 610 210 210

54 direct -908 -530 -580
flexure 610 320 160

TABLE 20. 'Results for monolithic tee joints
(bar elements).

ELEMENT ST'rMsS ALLOW.
no. W/n _ ST-SA BT-9A

81 bar 21660 8000 4000

83 bar 21660 12000 12000

89 bar 43330 9000 16000

90 bar 43330 23000 14000

91 bar 21660 16000 7300

101 bar 21660 1000 2000

102 bar 21660 38000 14000

103 bar 21660 56000 40000

104 bar 43330 65000 57000

105 bar 43330 64000 63000

106 bar 43330 36000 44000

11i bar 43330 -22000 -15000

124 bar 21660 54000 43000

125 bar 43330 63000 56000

127 bar 43330 41000 33000
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Table 21. Results for precast knee joints subjected to
opening and closing moments (concrete elements).

31.33W P&RAMITZ ALLOW
no. ) b/i IL-10 PL-2S PL-48 PL-78 PL-4B

not _J.65Tdisp. i_ 0.5 0.53 0.45 0.47 0.43 -0.37

0 Z-StZem -2700 -600 -300 -380 -1,30

24 X-St•zs -2700 -20S0 -1.450 ! -1700 500

33 X-Gtzos -2700 -1550 SS i 560 560 -1200

Shamir

14 flexure -620 -505 -424 I -365 i -480 I 500

is flexuro -620 -580 I -465 550 540

22 flexure -620 -300 -400 -450 51s0

31 J direct -620 -550 -460 -480 i 30
m lu =0, 210 190 , 175 :2801

Table 22. Results for precast knee joints subjected to
opening and closing moments (bar elements).

mwZU.MUMMOMM' ALLOW
L-I PL-*S lb/lA PL-ID FL-2S FL-48 PL-73 P6-49

60 G 56 43000 4100i 42500 44100 43000 -5sooo

U1 57 43000 I ! 42000 41000 -13000

62 58 43330 25000 22000 -6500

63 59 1 43000 o16000 U000 -3000

64 60 43330 4500 3000 -2000

66 62 43000 30000 1000 1900I 7000
S67 63 43330 . 33000 12000 200 .$o " 0o00

68 64 43000 56;000 , 380000j 23000 _ 24000 8000

69 66 43000 $850000 43000 42000 7000

70 66 43330 53000 65G0001,56000 580000, 7000

7,. 167 4:3000 5,1000 620o00 4800o..0 ooo.0 4000

75 71 -43330 30000 __7o000 17000 1100

76 72 -43000 65000 27000 6000 16000 28000

77 73 -43330 21000 ; 000 14000 65000

78 74 -43000 27000 6500 14000 , 54000

79 75 -43000 27000 7000 15000 ' 45000

84 so 430 32000 35000 34000 , -1.0000

8 $1 43330 2000 65000 65000 53000 -65000
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The stress developed in the strut of the angle (element 85)
reaches a maximum of 25000 lb/in2 which is lower than expected.
Shear in both the column/wall and beam portion of the connection
requires the use of ties which should be extended into the joint
region.

Details PL-2S and PL-4S (Fig. 50) are grouted in place with
a 6000-lb/in 2 concrete. stress in the compressive reinforcement
is well within allowable limits; however, tensile stress in the
bottom bars of detail PL-2S (elements 65 and 66) is very near
yield. Reducing the amount of prestress in details PL-4S to 10
k/in2 has lowered the stress to near acceptable values.
Stiffening the compressive region of this connection with grout
has increased the tensile stress into the yield range on the
continuous angle assembly, located at the corbel. The spacing of
the stiffeners on this assembly should be decreased to 10 in on
center. Detail PL-4B, similar in configuration to PL-4S, has
been subjected to a loading associated with a closing moment.
Stress in the tensile reinforcement (element 73) extends into the
yield range which is expected at the grout region or cold joint
locations. Compressive stress in the angle strut also extends
into the yield range and may cause local buckling. Again it is
recommended that the spacing of these stiffeners be decreased to
10 in on center to help alleviate this problem. Furthermore, it
is advisable to increase the reinforcement yield stress to 88
k/in2 for steel crossing the discontinuous gap between elements,
due to the buildup of stress at that point. Connection detail
PL-7S, which follows this recommendation, exhibits a behavior
with stress values very near the acceptable range. Maximum
tensile stress in the bar elements reaches 58000 lb/in2 in
element 66, which is slightly less than two-thirds fy. In
addition, stress in the diagonal strut (element 81) is reduced to
53000 lb/in2 . Mechanical bond plates in the column/wall should
eliminate bond slippage and loss; however, confinement ties
designed according to Eqs. 1 and 2 are a necessity.
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5. 1. 5 Precast Tee Joints

One precast tee joint detail (PL-8S) was examined in a

manner similar to PL-4S, with an additional bean attached to the

opposite face of the column. The additional beaus restraint at
midspan is similar to the restraint located at the base of the
column. The maximum tensile stress developed in the
reinforcement (element 91, refer to Fig. 47) reaches near yield

conditions (62000 lb/in2 ). The stress in the angle strut
(element 125) reaches a peak at approximately 46000 lb/in2 .
Compressive stresses in the reinforcement are negligible.

5.2 OPENINGS IN REINFORCED CONCRETE STRUCTURES

Due to the extreme behavior observed in the localized
response of concrete directly subjected to a blast loading,
adhering to the criteria for strenqth and serviceability outlined
earlier is not feasible. Each parameter for analysis must be

looked at individually for failure conditions. If failure
occurs at any particular point in the detail, a determination
must be made as to its effects on the remainder of the structure

and its overall strength and serviceability.

5.2.1 Reinforced Concrete Openin's

Width of load distribution is the key factor in the design

of opening edge reinforcement. After several preliminary test

runs, it was concluded that a detail with a top and bottom plate
12 in wide (STAND, Fig. 52) is required to distribute the load.

In Tables 23 and 24, flexural stresses in the reinforcement are
within allowable values; but stresses due to direct shear are
much higher, which accounts for the large number of bars used in
the section. The maximum compressive force experienced by the

concrete directly beneath the plate (elements 15 and 16) reaches

68001b/ln2 . This is entirely possible for a confined concrete with

125



fta = 6000 lb/in 2 ; however, the concrete in this region is

expected to experience a large amount of damage. To test this
damaged detail, soft elements (to simulate crushed concrete) were
inserted between the top plate and the remaining portion of
undamaged concrete with the plate anchorages left intact (CRUSH,
Fig. 53), and a second blast load was then applied. The most
pronounced effect of this second loading is resisted by the
vertical plate anchorages (elements 49 and 52). Compressive
stresses extend into the strain hardening portion of the bars and
reach a peak value of 95000 lb/inz. Bond is lost and buckling
occurs. This opening will not resist a third blast load.

5.3 SIMCON OPENINGS

The top and bottom plates required for distribution of blast
loads to SIFCON may be limited to 6 in (SIFCO, Fig. 54). The

stresses due to direct shear and compression are within the
allowable ranges with no sign of damaged areas. Note that the
area of steel fibers in the SIFCON material was used for the
calculation of direct shear capacity. The observed behavior
indicates that SIFCON will significantly improve the response of
the opening detail.

5.4 INSERTS FOR ATTACHMENTS

After several evaluations of the proposed detail, it was
found that an attachment consisting of an insert (A,1 - 0.31 in
and fy- 60 k/in2) connected directly to the main flexural
reinforcement of the structure showed no signs of failure when a
1000-lb supported weight was subjected to an acceleration of 20
g. The maximum stress in the insert attained a value of 35000

lb/in2 which is well below yield. These results indicate that
the proposed detail should be adopted for the construction of
attachments in hardened facilities. Linear interpolation is
recommended for developing attachment details for cases different
from the present conditions.
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TABLE 23 . Results for openings in concrete structures
(bar elenents).

ZLNHUmT ELZHUST I LEMNT3N
STAlND CRUSH 8sMI0c 8ISTAND CRUSH SIPCO

30 30 30 41000 7200 23000

33 33 33 15000 55000 42000

35__ 35 35 24000 41000 32000

45 45 45 -25000 -34000 16000

57 49 17 shear: -46000 -95000 -2200

60 52 5j 4[7000 95000 [65000

TABLE 24. Results for openings in concrete structures
(concrete elements).

ELEMENT PARAMETE-n.STAND CRUSH SIPCO

12 Y-st:ess -4300 -1600 -3900

15 Y-stress -6800 -3500 -1450

16 T-st:ess -6800 -3600 -7300

17 Y-st:ess -67C0 -3200 -10600

18 Y-stress -4600 -2400 -8100

shea:

8 direct -1900 -1750 -2300

9 direct -1900 -1400 -2200

14 direct -1900 = -1500 -2200
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6.0 CONCLUSIONS AND RECOMMENDATIONS

6.1 INTRODUCTION

This study was initiated for the development of design
recommendations for structural details of connections, openings
and attachments in reinforced concrete protective structures.
The urgent need for such recommendations has become evident in
recent years, following a significant number of experimental
st idies that highlighted deficiencies in current design
approaches. These deficiencies do not necessarily reflect errors
in those documents, but rather lack of specific recommendations
on how such structural details should be implemented.

The approach adopted for this study, as presented in Section
3, was to perform "numerical experiments" of typical structural
details, and to modify the structural details until a desired
behavior was achieved. Prior to these experiments, an extensive
review of previous studies on related topics was conducted, and
structural details were selected for a closer evaluation. The
analyses and the results obtained by this approach were presented
and discussed in Sections 4 and 5. Specific conclusions and
partial recommendations were presented throughout this report, as
they became evident from the study. Nevertheless, the important
findings, and the design recommendations are combined in this
section.

6.-2 GQJMQM

Two types of conclusions were derived from this study. The
first were about the accuracy and practicality of the approach,
and the second about the structural behavior of specific
construction details in protective structures.
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"Numerical experiments," or simulations, are an attractive

alternative for studying structural responses under various
loading conditions, especially those responses to severe
explosively induced loads. Performing real experiments is an
extremely expensive endeavor, and there are always difficulties
that may render specific tests wasted. Furthermore, the time

required for preparing, performing and interpreting experiments
is significant, a factor that may delay the outcome from a given
study. Despite these arguments, one must ensure that numerical
simulations of real behavior are accurate and that the results

are reliable. An important part of this study was devoted to
establishing these requirements. The ctoice of the numerical

method, the computer code, constitutive models for reinforced
concrete and SIFCON were discussed in Sections 2 and 3. The
combination of these elements were then validated by the analyses

of two structures for which experimental data were available.
Furthermore, certain components of this approach were used in
other studies performed by members of this research group, as

discussed in Sections 2 and 3, and the experience gained from
such efforts were implemented herein. Therefore, the conclusion
derived about the validity of the approach and its practicality

is very clear. It is quite acceptable to perform numerical
simulations of real structural behavior, as presented in this
report, provided that the analysts ensure that the required

conditions for performing such "experiments" are met.

The numerical approach adopted for this study provided a
large body of reliable data that was used for the evaluation of

the structural details under consideration. The continuous
evolution of these details highlighted the influence of how
changes in che design, or construction, would affect the observed

response. The results obtained from this study demonstrate that
careful attention to details is critical for any structure, and
especially for protective structures. This conclusion is not
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new; it has been known for many years (see for example, Park and
Paulay, 1975), but it has also been ignored by many designers.
The main conclusion derived from this study is that careful

practice of current design recommendations for static design
should, in most cases, eliminate the simple problems. However,
close attention to the dynamic effects is required, and the
analyst/designer should implement the recomuendations from this
study, as presented next.

6.3 RECOMMENDATIONS

Several important observations were made during this study,
and they are presented next.

6.3.1 General Recommendations

6.3.1.1 Reinforcement ratios (A./bd) in slab/wall connections

shall be limited to a range of between 0.5% to 0.75%.
If higher reinforcement ratios are required to resist
the applied loads by the adjoining members, the size of

the detail should be increased. The reason for this
recommendation is to prevent congestion of the steel
detail. For beam/column connections, it is appropriate
for the reinforcement ratio to exceed 0.75%, but cross-

ties (stirrups) must be provided, according to the
following recommendations.

6.3.1.2 Stirrups for diagonal shear are required in all
beam/column joints in accordance with ACI 318-83 (1986)

Type Two connections for shear and confinement (Eqs. 1
and 2 in Section 2). The designer may use the

recommendation by Park and Paulay '75 for diagonal
splitting (Eqs. 3 and 4 in Section 2).
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6.3.1.3 Reinforcement terminating in a knee joint should be

developed in a 180-deg bend, with the return leg

embedded in the opposing force region.

6.3.1.4 Reinforcement terminating in a tee joint should be
developed in a 90-deg hook with the legs extending

through the mid-height of t" z .onnection (Eq. 8 in

Section 2).

6.3.1.5 Minimum clear cover for reinforcement should exceed 2d,

and the minimum bar spacing should exceed 3db for

limiting the effects of splitting cracks as set forth

in the ACI 318-89 code (to appear in early 1990).

6.3.1.6 Diagonal haunches or splays (8 in for an 18-in member

thickness, and this ratio should be used for other

dimensions) should be added to all inside corners.

6.3.1.7 Diagonal reinforcement equal to half the area of the

main flexural steel is required at the inside corner of

all knee joints. Diagonal reinforcement equal to the

area of the main flexural steel is required at each

inside corner of all tee joints.

6.3.1.8 A hinge should not occur in the joint region, and this

can be controlled by the amount of diagonal

reinforcement.

6.3.1.9 Precast connections should be posttensioned to a

minimum of 20 k/in 2 for eliminating the formation of

gaps which could allow external contamination to enter

the facility.
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6.3.2 Strenoth and Serviceability Requirements

6.3.2.1 The *ductility factor" (p) should not exceed 1, and
deflections should not exceed approximately L/240 at

midspan. The value for deflections may be altered by
the designer depending on the structures requirements.

6.3.2.2 Average compressive stress due to flexure in the
concrete immediately above the compression

reinforcement should not exceed 0.45 * f'©.

6.3.2.3 Tensile and compressive stress in the reinforcement

located in the elements should not exceed 2/3 fy.

6.3.2.4 Tensile and compressive stress in the reinforcement

located in the joint region should not exceed 1/3 fy.

6.3.2.5 Direct shear at any point in the structure should not

exceed the Hawkins shear limit TM * 0.8 (Eq. 9 in

Section 2).

6.3.2.6 Diagonal shear located at the interior of slab/wall

joints should not exceed (0.85( 4 )(f") 1/2]/a. For

values of shear higher than this, stirrups must be
added in accordance with ACI 318-83 (1986) Type Two

connections.

6.3.2.7 The opening detail for reinforced concrete protective

structures should follow the design concept presented
in Fig. 52, as discussed in Section 4.3. The loads from

the closure should be distributed onto steel plates

having a minimum width of 12 in for concrete openings,
and 6 in for SIFCON openings.
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6.3.2.8 The use of a fiber reinforced concrete material, such

as SIFCON, should be considered for connections and

opening details that cannot be designed to react
according to the above requirements. Although not a

requirement for all cases, the results obtained in this

study suggest that a significantly superior response

can be achieved by such substitution.

6.3.2.9 Attachments should be fastened directly to the

structural slab/wall reinforcement to insure ductility.

6.3.2.9 Connecting precast elements in protective structures

has proven to be a difficult task. High stress

concentrations located at the discontinuous gap
between elements must be properly designed for.

Reinforcement used for posttensioning should consist of
high strength (88 k/in2 ) coil rods with a ratio

(A/bd) of 0.66% recomended for steel crossing

this gap, and an equal amount of steel in the

diagonal located at the haunch. An investigation

should be performed on the applicability of a

cruciform type precast element structure allowing

continuity at the joint location with connections

between elements occurring at midspan.

6.3.3 Recommendations for Further Research

Additional numerical studies should be performed in three-

dimensions for a determination of blast load distribution in

these type of details.

Due to the difficulties encountered in the precast

connection details, a more comprehensive study on their use in
protective structures should be completed before final

recommendations on their implementation can be given.
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As stated earlier, the intent of this study was to determine
the best candidates for the structural details in question.
These candidates, described by the above design recommendations,
have been confirmed numerically. However, for a complete
verification of their applicability, actual physical testing
should be performed in the laboratory. After the laboratory
evaluations, and possible modifications, field tests should be
performed for final validation.
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APPENDIX

A CONTINUUM DAMAGE/PLASTICITY MODEL FOR CONCRETE

A. 1 Continuum Damage Mechanics Model

The continuum damage mechanics model that is coupled with the

Prager-Drucker model is based on a scalar damage approach. It can

rightfully be argued that a complete three-dimensional treatment of

microcracking effects on the response of concrete requires a higher

order definition of the damage variable, and, first, second,

fourth, and even eighth order tensors have been proposed. However,

in cases where damage directionality is not a dominant feature,

such as in the plane strain or plane stress conditions of beams,

frames, and slabs, a scalar parameter is sufficient (Resende '87).

The continuum damage model approach developed herein is based

loosely on the approach of Frantz4skonis and Desai '87.

The key assumption in this approach is that the material behavior

can be decomposed into two constituents, a topical portion and a

damaged portion. During loading, the topical material is

progressively transformed into damaged material, which, in turn,

suggests the use of the theory of mixtures or the theory of

interacting continua (Frantziskonis and Desai '87). The topical

material is treated as elastic/strain hardening plastic (using the

modified Prager-Drucker cap model described later) while the

damaged material is rigid/plastic. The topical, damaged, and total

areas (At, A*, and A, respectively) and the topical, damaged, and

total internal force vectors (r, r, and E, respectively) acting

on the area A are shown in Figure 20. The topical, damaged, and

average stress tensors are defined as follows:

F - othnj

S- o7inj (A-l)

F, - °,,nj

140



where

,t U, UaJ a topical, damaged, and average stresses,
respectively

- unit normal vector to the area A.

The average force is the sum of the damaged and topical forces and

u• - (1 - d)at + duL (A-2)

where

d a A*/A m damage parameter

Thus, the average stress is the summation of the partial stresses

defined on the two components; it follows from the principle of

angular momentum balance that the stress a1 j ii symmetric (Green

and Naghdi '65; FrantzLskonis and DesaL '87). However, while this

does not imply that the stresses at and a are symmetric, it is

assumed herein that the topical and damaged stresses are symmetric.

Also, since diffusion processes are absent, the strains in the

damaged and topical components can be assumed as equal (Ortiz '85)

and

- - (A-3)

where

Ejj 4f, •l - average, topical, and damage strain
tensors.

At this point, Frantziskonis and Desai '87 assume that the damaged

material can sustain only confining pressure and they rewrite

Equation A-2 as

d
- (1 - d)vt + -- 6iok (A-4)3
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where

SM Kronecker delta tensor 0 if L J

This assumption that the damaged material continues to support

normal stresses is debatable since the microcracking that occurs in

concrete reduces the area of contact over which both shear ad

normal stresses may act; this concept of area reduction is the

principle upon which many, if not all, continuous damage mechanics

theories are based (Krajcinovic '85b, Mazars '82, Ortiz '85).

Therefore, an alternative assumption is made herein that the

damaged material cannot support shear stresses or confining

pressures, i.e., a• - 0. Thus, the average stress is now defined

to be

- (1 - d)at (A-5)

Again, the evolution of the topical stress, u , is governed by the

modified Prager-Drucker cap model as discussed later.

Equation A-5 obviously determines both the reduction in stiffness

of the damaged concrete as well as the development of strain

softening or, alternatively, the reduction of stress with increased

deformation (damage).

The next issue is the form of the evolution equations for the

damage parameter, d. In view of the significance of tensile

extensions in brittle damage processes, the evolution equations in

the proposed approach will be parameterized using the concept of

equivalent tensile strain (Simo. Ju, Taylor, and Pister '87), which

is defined as follows. The spectral decomposition of the strain

tensor may be written as

142



3
-w M 1 6() pra)pra) (A-6)

CO-1
where

6(0) - eigenvalues of ei, a - 1,2,3

p.(*) - normalized eigenvectors of e*j, a - 1,2,3

[(.,cg).,ca))Jk 1

The positive projection of .i, 4•, is given by

3
e+j Z: <d)> p~a)pJ,) (-7)

a,-I

where

<x- (z + Ix)/2 w McAuley bracket

The equivalent tensile strain is then defined as the norm of the

positive strain tensor

We i (A-8)

The state of damage in the material is characterized by a damage

criterion G - G(f,r) s 0, formulated in strain space, with the

following form (Simo and Ju '87):

G- it - rt : 0 (A-9)

where

rt - equivalent tensile strain at current time t

rt a damage threshold at current time t

If r, denotes the initial damage threshold before any loading is

applied, a property of the materLal, then rt ; r,. This damage
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criterion, G, states that damage in the material is initiated when

the norm of the tensile strain tensor, t, exceeds the initial

damage threshold ro. For the isotropic case, the evolution of the

damage variable d is defined by the following rate-independent

equations

d - •I U (A-10)

4•- • (A-11)

where

pA a damage consistency parameter

H = H(ft,4dua) a damage accumulation function

1 defines the damage loading/unloading conditions according to the

Kuhn-Tucker relations

St O, G -5 0, 0 G - 0 (A-12)

If further damage is taking place, the value of pA is determined by

the damage consistency condition

; - G - 0 -0 i - it (A-13)

The current damage thresh ld, rt, is given by

r. - max(r,, max r, VsE(--=,tl) (A-14)

Lastly, it is assumed (Simo and Ju '87) that the function

H(rt,d,at ) given in the evolution equation for d is independent of

d and may be written as
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aqi

H(rt) - (A- 15)
art

where

Q - Q(rt,u•) - damage accumulation function, monotonic

with respect to r

The following functional form for Q will be used:

d.{ l-exp[-A(r-ro)s] ) rr.;Srsor

Q - * Q+(I-Q*) Cro<r:Dro

(D-C)r.
(A-16)

Dro<r

and

A A(u) - At.-(At-Ae.)(l-exp[-q(P-P,)]) (A-17)

where

d.,B,C,D,q- material parameters

A - A(vt) - material response function determining rate

at which damage accumulates

r. a damage threshold

* Q(Cro,,a)

A*,Ago - rate at which damage accumulates in

hydrostatic tension and compression,

respectively

P - -ov/3 a hydrostatic pressure

Pt maximum tensile hydrostatic pressure on the

Prager-Drucker failure surface (described

later)
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The functional form of Q for the region of damage ro 9 r sCr. was
suggested by Frantziskonis and Desai '87. Note thaat Frantziskonis

and Desai '87 do not include the pressure dependency of the damage

accumulation rate and, more importantly, they use the trajectory of

the plastic deviatoric strain tensor, rather than the equivalent
tensile strain, to parameterize the damage accumulation function.

A.2 Plasticity Model

The plasticity model, which determines the response of the

topical material, is based on a strain-hardening Drucker-Prager

failure surface combined with a strain-hardening cap (Schreyer and

Bean '87). As opposed to the typical Drucker-Prager Cap model,

this yield surface is smooch and continuous in stress space and it

is described as follows:

f"' . J"--" 0 (A-18)
3

and
A

H - HH1 (A-19)

where

f - fPD(ou,ef) - the Prager-Drucker cap model surface

Jz - stst /2 = second invariant of the deviatoric

topical stress tensor (stj = a -Jak.k/3)

H - 1H(utj,ej) - hardening function

H. H*(urj,4'tj) cap function

The hardening function is given by

2 6E
H - (A- 20)

6for >
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4

and

S- (1 - e" )(afe + ,iP(l - e I)] (A-21)

P

4 -) -(1- (A-22)
Pt

1 (A-23)
j(P-PO

where

ho - constant defining the onset of plastic behavior

6P m plastic strain invariant defined below

E - strain at which all hardening has been exhausted

P - -et,/3 - mean pressure

Pt - limiting hydrostatic tension stress

S. M maximum value Of J 2 for large P

a a constant related to the cohesive strength

f maximum uniaxial strength

p = constant related to the frictional strength

a - constant defining the shape of the surface

n = rate at which hardening accumulates

The cap function is described by

f (P-sp )2
jl- 0  q Pign(P. - P) for P > sP,(Pc-cz

H 0 -- (A-24)

.Ifor P S sPo
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-P

and

a?
a - c3 + (ccap-c2) - (A-25)

PC " P. exp (c 3-) (A-26)

where

q a constant governing the growth of the cap

C21C'ap - constants determining cap shape during

strain hardening

PCO , hydrostatic stress at initial plastic flow

C3 - constant determining the shape of the

volumetric- stress/volumetric-strain curve

A?, A a plastic strain invarlants defined below

The three invariants given above are calculated by integrating the

following differentials over the course of the loading history:

de, d-

deli -d~ --ev~j

dAP -(de~jde!,))
3,

P.
dAT -- d46

P+Po

dq " (-dap - c2d6P)

148



where

P. - constant controlling the ductility

C2 - constant determining the amount of shear

enhanced compaction

<x> - (x + IxI)/2 - McAuley's bracket

Figure 2.1 shows the Prager-Drucker yield surface in the JA, P

space, for the material constants presented in Table 3.

Over the major portion of the yield surface, the plastic strain

tensor evolves through use of an associated flow rule; in the

tensile and low compressive hydrostatic stress regions, a

nonassociated flow rule is used, as discussed in the next section.

The associated flow rule is expressed as

of 1 ,

d - dU - (A-27)

and

cL% 0 if•f--O and fE-O (A-28)

or

dA- 0 if f1  - 0 and f1  < 0 or fFD < 0 (A-29)

where

dA a positive factor of proportionality

few a Prager-Drucker cap model function

The factor of proportionality may be found using the *consistency*

condition during loading, which is

df , - 0 (A-30)

where

dfP D the total derivative of the yield function
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As Schreyer and Bean 187 point out, this model has the following

advantages: (I) strain hardening is predicted for all paths, (2) more.

ductility is predicted for paths associated with large mean

pressures, (3) the yield surface intersects the hydrostatic axis at

right a.ngles for both positive and negative mean pressures so no

special algorithm is needed at these intersection points, and(4)

the t-..o surface is continuous and has a continuous derivative

everywhere so a corner algorithm is not required. And, although

the number of required material constants is large, the values may

be deduced directly from conventional uniaxial and triaxial test

results; also, Schreyer and Bean present representative values for

low and high strength concretes. One shortcoming of this model is

the circular cross section on the pi plane; experimer' "ly, a

rounded triangular shape is seen at the lower hydros'...-ic

pressures. However, since an accurate response at low hydrostatic

pressures is not critical, this deficiency is tolerable.

A.3 Concrete Modelling in Tension (Nonassociated Flow Rule)

The main shortcoming of this continuum damage/plasticity model

lies in its inability to accurately predict strains when the

hydrostatic pressure is either tensile or small (less than

approximately 0.1 f.) due to the use of an associated flow rule;

this is a common characteristic of almost all plasticity-based

concrete models, which are generally developed using test results

of stress paths that stay in the compressive hydrostatic pressure

regior of the yield surface. Thus, the predictions of these models

are usually quite poor for stress paths in the region of low

compressive oc tensile hydrostatic pressures.

In order to overcome these shortcomi.ngP. the concrete model

proposed herein uses a not assordated flow rule in regions of

tensile or low compressive (less than 0.1 f,) hydrostatic pressure;

the use of a nonassociated flow rule reduces the dilational strain
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predictions, while at the same time allowing reasonable predictions

of strength for stress states of tension and shear. The

nonassociated flow rule is based on the assumptions that the yield

surface and the plastic potential are distinct and that the plastic

strains may be calculated as

1 ag
det - d - - (A-31)

M aOut

and

M -(A-32)

where

& - g(oUj, d•) - plastic potential

For this model, the plastic potential is chosen as another modified

Drucker-Prager surface, given as

P
he+Op)rel_(j'-)0)j - 0 for P < 4PCO

g -(A-33)

fro) 0 for P) ?- OC.c

where

- initial slope of surface at P - OPo

- fraction of the hydrostatic compression stress

below which the nonassociated flow rule becomes

effective

Q,w * material constants

The other terms in Equation A-33 have been defined previously.

The potential for spontaneous energy generation is one criticism
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leveled against the use of nonassociaced flow rules. The following

modification to the model was made to ensure that energy generation

does not occur: during loading from the yield surface and for any

predicted elastic state that falls into the 'wedge," the associated

flow rule will be used. Assuming that the elastic predictor stress

has violated the yield surface, this condition may be summarized as

3 T

d - dA - -%(A-34)

and

a T 8T jk

a1- (A-35)

where [g JP S -P0o andnj >0

T (A-36)

fPD it P > 4Po o= P 5 Op "o and nc,,nf, < 0

As Figure A-l shows, the associated flow rule is invoked when the

increment in predicted elastic stress simultaneously decreases P

and JI while violating the yield surface. The use of an associated

flow rule for this situation results in a dilational increment in

volumetric plastic strain, which is reasonable since the stress

state is moving further into the tensile hydrostatic region.
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